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Scorpius OB I
A wide field image, about 3.8  x 5.5  in size, picturing ionized hydrogen and enclosing
almost the entire Scorpius OB I association. The young cluster NGC 6231, considered
as the nucleus of the complex, is visible just left of the center of the image. This
photograph was taken by John Gleason and is used with the permission of its creator.
North is up, East is left.

The Natural Color of Sco OB I
The cluster NGC 6231, here visible in the lower right corner, is surrounded by regions
of ionized hydrogen. This closer look, representing an LRGB composite, depicts the
natural red color due to emission of ionized hydrogen in Sco OB I. This image which
covers a field of about 1.9  x 2.6  was created by Adam Block (NOAO/AURA/NSF).
North is up, East is left. 1.9x2.6

NGC 6231
A close-up view of the young open star cluster NGC 6231. The appearance is com-
pletely dominated by the extremely hot and bright O-stars. Their overwhelming
brightness has been suppressed by logarithmic pixel value scaling. This images was
created by coadding all data in Johnson V in this thesis and shows a field of about
14.60 x 20.50. North is left, East is down.


1Abstract
NGC 6231 is an open cluster in the constellation of Scorpius in the southern hemi-
sphere and is composed of a rich stellar population which is dominated by young
massive and therefore hot stars. In this thesis the variable stars in the stellar ag-
gregate are investigated. On the basis of time series photometry covering 12 nights
in Johnson UBV a detailed discussion of the raw data reduction procedures and
the photometry is followed by addressing each pulsating and variable star individ-
ually concerning their oscillatory behavior and fundamental stellar parameters. In
particular, a newly developed reduction procedure is described which allows high
precision semi-automatic photometry on the basis of a combination of aperture and
PSF photometry. Furthermore, a thorough overview of the method of di↵erential
photometry and its application to the presented data set is given.
To investigate the nature of the variable and pulsating stars in NGC 6231 it was
necessary to calculate fundamental stellar parameters such as their e↵ective tem-
perature, luminosity, and surface gravity. This has been achieved by employing a
calibration on the basis of intermediate- and narrowband photometry. A descrip-
tion of the basic properties of this photometric system is included as part of the
description of the used methods. Moreover, also the principles of frequency analysis
on the basis of Fourier methods are explained, as this was the primary method to
investigate stellar variability.
In total 473 stars were investigated, out of which 31 show signs of variability. 22
of these are confirmed members of NGC 6231.
Out of the three possible SPB stars detected in previous work, two could clearly
be confirmed and one belongs very likely to this class as well. In addition to these,
seven new SPB stars have been discovered as well as one   Scuti star. For seven
of these SPB stars mode identification was performed by comparing theoretical and
observed amplitude ratios in all three given photometric passbands.
NGC 6231 also harbors six confirmed   Cephei stars whose nature could be
confirmed. Five more are candidate   Cephei stars which - due to their intrinsically
low amplitudes - must remain possible pulsators.
Furthermore variable stars outside the cluster are discussed as well as two eclips-
ing binaries and a possible PMS pulsator.
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Part I
Introduction
NGC 6231 represents one of the youngest currently known open clusters in our galaxy.
It is located in the Southern Hemisphere, represents a part of the Scorpius OB I asso-
ciation and is characterized by an exceptionally rich population of very hot early type
stars. Clusters themselves o↵er unique possibilities in many scientific investigations
since the stars contained in them share very important physical properties. Stars in
such aggregates are thought to originate from the very same interstellar cloud, thus
having in common not only their distance to us, but also can be treated as equal in
metallicity and in age with a certain intrinsic spread attributed to the star formation
history in this region.
One of the most remarkable characteristics of NGC 6231 is its richness in vari-
able stars, harboring pulsators across the entire main sequence. These stars will be
the main subject under investigation in this thesis o↵ering valuable clues on their
underlying driven oscillations. Before immerging deeper into the nature of these in-
triguing objects, a brief history of already conducted research in this cluster is given
also covering studies including these stars.
1 Previous Results
NGC 6231 has been extensively studied in the past, ranging back more than 80 years,
so that many of its properties are already well known and a large set of observational
data is available. The more recent work concerning this cluster includes thorough
photometric surveys. Among these are Sung et al. (1998), hereafter referred to as
SBL98, who performed UBV RI and H↵ photometry to study the pre-main-sequence
(PMS) population, the initial-mass-function, and further cluster parameters, Baume
et al. (1999), hereafter BVF99, who obtained UBV I measurements with a lower
detection limit compared to SBL98 to also determine parameters like reddening,
distance, and age and Balona and Laney (1995), hereafter BL95, who obtained in-
termediate and narrowband photometric data. An important compilation of older
data often used in this work was presented by Perry et al. (1991), hereafter PHC91,
which is a part in a series of papers concerning large regions of the entire OB as-
sociation including NGC 6231. Spectroscopic studies include Levato and Morrell
(1983), Raboud (1996), hereafter referred to as Ra96, and Garc´ıa and Mermilliod
(2001), who investigated the binary nature of cluster members. Many more studies
have been carried out with NGC 6231 as their main focus and will be mentioned
throughout the course of this work.
The photometric results agree reasonably well with each other. The most im-
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portant results refer to the cluster’s distance and age. SBL98 find a color excess
of E(B V ) = 0.466 ± 0.054 mag with R ⌘ AVE(B V ) = 3.3 ± 0.1 and finally the
distance modulus V0   MV = 11.0 ± 0.07 mag where V0 is the dereddened V
magnitude V0 = V   AV = V   R · E(B V ). The distance to NGC 6231 then
translates into 1590 ± 50 pc. As an indicator of the systematic uncertainty in
these values, other results can be considered: BVF99 find a distance modulus of
V0  MV = 11.5 ± 0.25 mag or 1990 ± 200 pc. Revised calculations of Hipparcos
parallaxes by Makarov (2003) even find a distance of only 600 ± 140 pc which can be
attributed to the limits of this method, but also demonstrates the large systematics
in distance determination.
In light of these results it is also very important to mention here, that all pho-
tometric studies found large di↵erential reddening in the field of the cluster ranging
from values slightly below the adopted one and up to E(B V ) = 0.7 mag for in-
dividual stars with a trend towards a larger excess in the southern parts. The age
determination of the cluster is more uncertain. SBL98 find a maximum age of 7Myr,
the analysis by BVF99 results in 3  5 Myr. This di↵erence though is understand-
able due to the youth of NGC 6231 and the time scales of stellar evolution where
more massive stars evolve much faster and also reach the zero age main sequence
(ZAMS) earlier than low mass stars. As a consequence, the early type stars have
already evolved o↵ the main sequence, but some low mass stars still need to reach
the stage of hydrogen core burning giving rise to a potential rich PMS population.
A cluster harboring massive already evolved objects and stars which are very close
to the ZAMS as well as PMS stars can yield vital information on star formation and
evolutionary processes.
Another striking characteristic of NGC 6231 marks the main focus of this thesis:
It has been shown to be very rich in variable stars covering almost the entire range
of (near) main sequence stars. Several studies revolving around the discovery and
investigation of pulsating stars, eclipsing binaries as well as binary systems have been
carried out in the past 30 years. Especially the study of pulsating stars has been
a main goal of these publications. Such stars change their size and even shapes on
time scales much shorter than evolutionary processes and allow an examination of
their interior structure. The research field concerned with such oscillations is called
Asteroseismology and can deliver important information on stellar evolution and
furthermore allows an independent determination of many di↵erent astrophysical
parameters. Modeling a star with respect to its variability pattern requires detailed
observational input and therefore involves the careful analysis of data gathered from
work at a telescope. Hence, dedicated observing runs have been carried out by
di↵erent research teams, starting with the detection of a   Cephei type pulsator
by Shobbrook (1979). Soon three additional variables of this kind were found by
Balona (1983), hereafter referred to as Ba83, and analyzed in detail by Balona and
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Shobbrook (1983) (BS83) featuring a multi-site campaign. In order to investigate
the properties of the instability domain of this kind of pulsating star, Balona and
Engelbrecht (1985) (BE85) conducted systematic observations of selected B-stars
and reported additional discoveries. Based on di↵erences in distinct photometric
measurements lacking any kind of time-series data, PHC91 suggested further vari-
ables without giving a classification. Later, the observations by BL95, featuring
Stro¨mgren photometry, were also suitable to look for new variables and discovered
a foreground   Scuti pulsator and several eclipsing binaries. The most recent and
also most extensive search for variable stars has been carried out by Arentoft et al.
(2001), hereafter referred to as ASK01. Their discussion is based on a large data set
featuring CCD observations covering bright variables, such as the   Cephei stars,
but also an additional set with a smaller field of view optimized for much fainter
pulsators. They report 17 new variable stars, with 11 of them assigned to a certain
class of pulsator. In addition they gave tentative frequency solutions for previously
known pulsating stars in the field.
Many of these objects however lack confirmation of their variability and a veri-
fication of the involved time scales. Moreover, the analysis by ASK01 is focused on
just one passband in the Stro¨mgren photometric system and classifications based on
Johnson UBV photometry. Important indicators for pulsations, however, are ob-
servable di↵erences in distinct filters referring to the pulsation amplitude and phase.
Physical properties which can fairly simply be obtained e.g. via intermediate and
narrowband photometry play an important role as well in the characterization of
pulsations. Among the bright pulsators, to this date six   Cephei stars are con-
firmed, five more are candidates. No one up to this point, however, managed to
detect Slowly Pulsating B stars (SPB) without doubt. BL95 even go to such lengths
as to suggest that this type of variable is not even common at all in NGC 6231. All
pulsators fainter than the   Cephei stars discovered so far were detected by ASK01,
but also these would benefit from confirmation.
In light of the previous results, NGC 6231 seems to be a treasure trove regarding
pulsating stars and therefore marks a unique possibility to study a rich set of di↵er-
ent variables which originated from the same initial conditions during the process of
star formation. As a consequence, asteroseismology can be an important tool to set
constraints on many di↵erent physical properties in stellar evolution and moreover
depicts an independent method for such investigations. Asteroseismology however re-
quires detailed observational input to unambiguously produce reliable stellar models.
Therefore, the immediate goal of this thesis is to investigate the nature of pulsating
stars in NGC 6231, giving reliable classifications, frequency solutions and search for
additional variables. In order to give a complete and thorough insight into the na-
ture of the variable stars in the cluster, a general discussion of pulsations in stars,
properties of individual classes, is the topic of the following overview.
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2 Pulsations in stars
Apart from all theoretical constructs, there is only one way to learn about the physics
of stars: measuring their emitted electromagnetic radiation. Even though this ra-
diation can only occur as a result of the processes in the stellar interior, the light
we receive originates at the surface of a star and carries no direct information of
the physical processes in its core. Pulsating stars o↵er the unique possibility to in-
directly probe their structure and explore evolutionary properties. They regularly
change their sizes and depending on excited modes even shapes on time scales much
shorter than evolutionary processes. These pulsation modes are waves traveling in
the stellar interior and therefore carry information on composition and structure.
The research field concerned with such pulsations and their application in stellar
structure and evolution theory is called asteroseismology and is often compared to
seismology on Earth which also uses information of traveling waves in our planet’s
interior caused by e.g. earthquakes.
The basis for successful modeling of a star rests upon detailed observational input
either by the use of integrated photometric studies or spectroscopic information.
Both approaches are characterized by certain observing methods, advantages and
limitations. In this thesis photometric observations were analyzed and therefore the
outline of the theoretical background will be limited to this technique.
In order to fully understand the results of this work it is important to illustrate
the principles of pulsations and describe the mathematical constructs to characterize
these processes for the following discussion. A short general overview focussing
on photometric observations followed by a classification of the di↵erent types of
pulsators found in the young star cluster NGC 6231 is given in the following sections.
2.1 General Overview
A star in hydrostatic equilibrium, in which radiation pressure and gravity are bal-
anced, naturally dampens perturbations: a wave traveling through the stellar inte-
riors changes the local pressure and therefore temperature but would also cause a
counter reaction by increased heat loss, thus damping any perturbation from equi-
librium. Therefore oscillations must be connected to a mechanism which manages
to overcome this natural e↵ect. There are several such mechanisms known in theory,
most of which are also observationally confirmed. However, for the stars discussed
in this work, the so called -mechanism is responsible for the oscillations: in cer-
tain layers in the stellar interior the opacity (in the literature often denoted as )
increases during compression, allowing flux and therefore energy to be temporarily
stored which is released again in the outward motion of the pulsation cycle. Certain
regions in a star are responsible for this e↵ect which can be associated with layers
of ionized elements. For di↵erent types of variables drawing power from this mecha-
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nism, di↵erent elements cause the excited pulsations: in the   Cephei and SPB stars
elements of the iron group are connected with the oscillations. Even though the
mechanism is the same for these stars, the excited modes show di↵erent characteris-
tics with respect to the variation time scale as a consequence of distinct stellar mass.
In   Scuti stars ionized helium accounts for the mechanism. Consequently, the di↵er-
ent classes of pulsators can be distinguished by their excited pulsation mode, but also
mass and evolutionary status. Further excitation mechanisms are the ✏-mechanism
which is based on variability of the energy output of the nuclear reactions in stars,
convective blocking, through which damping is overpowered by energy stored on the
base of a convection zone and stochastically excited pulsations caused by turbulence
in surface convection. The discussion of these driving e↵ects is left to the literature
since they do not play a significant role in the stars studied in this thesis (see, e.g.,
Rosseland and Randers 1938, Brickhill 1991 or for an overview Aerts et al. 2010).
The deviations of a star from its static1 configuration are separated in radial and
non-radial oscillations. Radial modes cause the star to grow and shrink periodically
but it keeps its spherical symmetry. Non-radial modes are visualized by a deviation
from this symmetry and change the star’s shape.
A further subdivision is done by correlating a mode with the force that attempts
to restore the stellar structure into hydrostatic equilibrium. Two types are distin-
guished here: acoustic p-modes and g-modes. For p-modes pressure is the restoring
force, for g-modes gravity. They di↵er in (a) the main flow direction of material
and (b) in the time scales of the associated oscillations. Oscillations with periods
shorter than the radial fundamental mode2 are p-modes, those with longer periods
are g-modes. It should be mentioned that also so-called mixed modes, which show
characteristics of both types are confirmed. g-modes for instance can be trapped
in the stellar interior, due to exponential damping in certain layers in the stellar
interior. Such modes are referred to as evanescent in this region. However, under
certain conditions these oscillations might be able to travel through these layers and
originate as p-modes on the surface.
Three quantum numbers are defined to describe pulsations: The radial overtone
k, the spherical degree l and the azimuthal order m. These depict the number of
node lines present in a particular oscillation mode where no movement of material
is observed. k denotes the nodes in the stellar interior, l the number of lines on
the surface and m the number of lines on the surface when moving in an azimuthal
direction (i.e. the number of node lines crossed when traveling along the equator of
a star).
1Static in the sense of no excited pulsation modes.
2The radial fundamental mode is an oscillation with neither interior nor surface nodes. In
general fundamental modes are those without interior nodes and with increasing number of these
are called first, second, third, . . . overtone in analogy to oscillations seen (and heard) in a musical
instrument.
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Following in large parts Aerts et al. (2010), mathematically in spherical symmetry
the displacements in (r, ✓, ) as a function of time are given by
⇠r (r, ✓, , t) = a (r)Y
m
l (✓, ) e
 i2⇡⌫t (2.1)
⇠✓ (r, ✓, , t) = b (r)
@Y ml (✓, )
@✓
e i2⇡⌫t (2.2)
⇠✓ (r, ✓, , t) =
b (r)
sin (✓)
@Y ml (✓, )
@✓
e i2⇡⌫t (2.3)
where ⇠ are the displacements in the corresponding coordinate, the coe cients a
and b are the amplitudes of the oscillations, ⌫ is the oscillation frequency, l and m
are the spherical degree and the azimuthal order respectively and Y ml (✓, ) are the
spherical harmonics which are given by
Y ml (✓, ) = ( 1)m
s
2l + 1
4⇡
(l  m)!
(l +m)!
Pml (cos ✓) e
im  (2.4)
with the Legendre polynomials
Pml (cos ✓) =
1
2ll!
 
1  cos2 ✓ m2 dl+m
d cosl+m ✓
 
cos2 ✓   1  (2.5)
A schematic visualization of non-radial pulsations is displayed in Fig. 2.1 where
the inward an outward moving parts of a star are colored in red and blue respectively,
whereas the white regions correspond to the node lines. 12 oscillation modes of
di↵erent kind are shown.
2.2 Photometric Mode Identification
To be able to investigate the structure of a star it is important to identify the modes
which are responsible for the oscillations. This implies that one must distinguish
observationally between all the excited modes in a given star, i.e. determine the
corresponding pulsation quantum numbers.
Photometrically only the spherical degree l can be identified. This is done in
the process of mode identification where detected frequencies along with amplitude
and phase di↵erences in distinct passbands are compared with theoretical models.
During the pulsation cycle the star changes its luminosity as a result of temperature
and geometrical variations. When observing in di↵erent passbands, the variation
pattern of a particular mode is visible as either amplitude oder phase di↵erences in
the pulsation cycle. The amplitude di↵erences as function of wavelength   are then
given by
 m  =  1.086Pml (cos i) bl  (T1 + T2 + T3) ⇤ cos(⌫t) (2.6)
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where Pml again is the associated Legendre polynomial as described in Equ. 2.5,
bl  describes limb darkening, ⌫ is the frequency of the oscillation, t the time and T1,
T2, and T3 are functions characterizing geometrical e↵ects, local gravity and local
temperature variations respectively. These parameters are calculated for di↵erent
atmosphere models and then allow a comparison between observed and theoretical
variability.
Since phase di↵erences for the stars primarily investigated in this work are neg-
ligible (or can not be detected within the errors of the least squares fits), a further
description of this topic including discussions for all the parameters mentioned here,
is not given and can be found in, e.g., Balona and Evers (1999).
Photometric observations however come along with a major flaw concerning the
method. Since stars are just too far away to be spatially resolved into a two dimen-
sional imaged object, the measured flux of them is integrated over the whole stellar
disk. As visible in Fig. 2.1, the more nodes on a surface of a star the more are the
photometric e↵ects cancelled out: For a region which is currently moving inwards,
also another region on the imaged disk exists which photometrically contributes in
the opposite direction of this local shift. Naturally for high spherical degree, i.e.
many node lines on the surface, also the so called geometric cancellation (Dziem-
bowski 1977) is large. As a consequence only low degree modes can be observed
photometrically.
Knowing how the measured flux in a passband changes over the pulsation period
it is possible to compare the observed values with the theoretical ones. In this work
the only tool employed for mode identification is a method using the amplitude
ratios of the independent excited oscillations of a pulsating star. By using pre-
calculated grids for di↵erent stellar models regarding mass, metallicity, atmospheres
and opacities it is possible to visualize which mode is the most likely to underly the
observed oscillation. This is done in two steps: (a) Plotting the amplitude ratios
for both theoretical models and observed oscillations as a function of the spherical
degree l and (b) calculating  2 which is defined as
 2(l) =
NX
j=1
✓
Aj,th/Aref,th   Aj,obs/Aref,obs
 j,obs
◆2
(2.7)
with  j,obs being the uncertainty of the amplitude ratio
Aj,obs
Aref,obs
following standard
error propagation and therefore amounts
 j,obs =
Aj,obs
Aref,obs
s✓
sAj,obs
Aj,obs
◆2
+
✓
sAref,obs
Aref,obs
◆2
(2.8)
where N is the number of filters used, Aj,th and Aref,th refer to the theoreti-
cal amplitudes in the j-th and reference band, Aj,obs and Aref,obs are the observed
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amplitudes in the j-th and reference band, sAj,obs and sAref,obs are the error in the
measurements of the amplitudes in j-th and references band respectively.  2 is then
a direct indicator of the di↵erence between observed and theoretical amplitude ratio.
However, one has to pay attention to the limitations of this technique. Since
this method relies on comparison to theoretical models, there never will be a perfect
match. No existing model of stellar pulsations can take di↵erences with respect to the
interior structure of a star into account. Observations in clusters make it easier to set
constraints on e.g. metallicity and luminosity, but nevertheless only simplified phys-
ical conditions are actually calculated. Moreover, also the observational procedures
are accompanied by errors, misclassifications and severe shortcomings concerning the
frequency analysis (e.g. aliasing). Therefore, when identifying modes, one has to be
aware of all uncertainties and limitations.
With the theoretical construct in place, di↵erent types of pulsating stars can be
discussed. The following section will give an overview of various classes of pulsators
and thereby concentrate on the variable stars in a young cluster like NGC 6231.
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688 B Properties of Legendre Functions and Spherical Harmonics
Fig. B.1. Snapshot of the radial component of various modes as seen by an ob-
server under an inclination angle of 55 . The white bands represent the positions
of the surface nodes; red and blue represent sections of the star that are moving
in (out) at any given time, then vice versa. Top row: axisymmetric modes with,
from left to right, l = 1, 2, 4; 2nd row: tesseral modes with, from left to right,
(l,m) = (4, 2), (10, 5), (15, 5); 3rd and 4th row: sectoral modes with, from left to
right, l = 1, 2, 4 (3rd row) and l = 6, 10, 25 (bottom row). The higher the degree of
sectoral modes, the more they become confined to the equator of the star.
Fig. 2.1: Schematic view of the radial motion of material on a st r’s u face for twelv di↵erent non-
radial oscillation modes. Red denotes inwa d, blu outward motion and white shows the positions
of the nodes. The top row shows from left to ight (l,m) = (1,0), (2,0) and (4,0) with modes
symmetric to he pulsation axis (m = 0), the second row sh ws (l,m) = (4,2), (10,5) and (15,5)
and the third and fourth rows show so c lled sectoral modes (l = |m|) with l = 1, 2, 4, 6, 10, 25.
Adapted from Aerts et al. (2010).
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2.3 Classes of Pulsators in NGC 6231
Di↵erent classes of pulsators are separated on the basis of pulsation modes, their
evolutionary status and mass. For the two latter parameters luminosity and temper-
ature allow a distinction. This can be visualized in a theoretical HR diagram which
in turn allows to distinguish between regions where instabilities are caused by the
various excitation mechanisms, i.e. di↵erent classes of pulsators.
Across the entire HR diagram various regions of instability have been found both
theoretically and observationally. Such a pulsation HR diagram which shows these
regions is displayed in Fig. 2.2. Many types of variables are indicated ranging from
young main sequence stars to evolved stars such as the radially pulsating Cepheids
to white dwarfs. In the case of NGC 6231 only pulsators near the main sequence are
expected since in such a young cluster not even the most massive stars have evolved
beyond the stage of hydrogen core burning. Among these are   Cephei, SPB,   Scuti,
and even   Dor type variables. Of course non cluster members which are either in
the foreground or background are not subject to this limitation.
Since the   Scuti stars are already up to 2 orders of magnitude (= 5 mag) fainter
than the   Cephei stars for which the data were optimized, only few new faint
pulsators are expected.
Not particularly well visible in Fig. 2.2 is that some theoretical calculations of
the instability domains point to the fact that these regions overlap. For instance, the
  Cephei and SPB stars share a region where theoretically both types of oscillations
can be excited. Handler (2009) managed to confirm this hybrid pulsation for the
stars   Peg and HD 8801. Furthermore, the   Scuti instability domain overlaps with
the region where solar like oscillations are expected. Such type of hybrid pulsation
has recently been confirmed by Antoci et al. (2011).
The following discussion of variable stars, however, will be limited to the stars
found in NGC 6231. The description of other classes of variables can be found in
the literature (e.g. Aerts et al. 2010).
2.3.1   Cephei Stars
Like many other classes of pulsating stars, also the   Cephei stars are named after the
star for which this characteristic kind of variability was first noticed:   Cephei itself.
Its variability was first confirmed more than hundred years ago in 1902 and today
more than 200 members are known to belong to this group of variables (Pigulski
and Pojman´ski 2008). An excellent overview of this class with a refined catalog of
known members and candidates is given by Stankov and Handler (2005) where also
fundamental parameters for the (both confirmed and candidate)   Cephei stars in
NGC 6231 can be found.
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1.6 A Pulsation HR Diagram 25
Fig. 1.12. A pulsation HR Diagram showing many classes of pulsating stars for
which asteroseismology is possible.
On the other hand, the shortest relevant time scale is the dynamical time
scale,
 dyn  
 
R3
GM
 
 
1
G  
, (1.15)
Fig. 2.2: The pulsation R diagr m allows on the basis of luminosity and temper ture a visualiza-
tion of th di↵erent clas es f variable stars. Since NGC 6231 is a very young cluster only variable
stars near the main sequence are expected. Image adapted from Aerts et al. (2010).
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They have typical masses of 8 to 18 M , spectral types between B0 and B3 and
members in all luminosity classes with a maximum at dwarf main sequence stars.
They pulsate in low order p, g and mixed modes with periods ranging from roughly
2 to 8 hours.
Pamyatnykh (1999) showed, that (a) a positive gradient of the opacity derivatives
supports instabilities and also that (b) the thermal time scale in the driving zone has
to be longer than the oscillation period. The former requirement explains the driving
mechanism in these types of pulsators where an opacity bump in the stellar interior
at ⇠ 200000 K, produced by a large number of absorption lines of elements belonging
to the iron-group, is responsible for the positive gradient. The latter requirement
sets constraints on the excited modes since the opacity bump has to be located at a
certain layer in the stars. For high order g-modes with (photometrically observable)
low spherical degree this requirement is not fulfilled and explains the absence of such
modes in   Cephei stars in contrast to the lower mass SPB stars.
2.3.2 Slowly Pulsating B Stars
Slowly pulsating B stars, or short SPB stars, were first introduced by Waelkens
(1991) as a separate group of pulsators and share the excitation mechanism with
the   Cephei type pulsators. SPB stars, however, are di↵erent in the excited modes
since in contrast to the more massive   Cephei stars, their oscillations are described
by high overtone g-modes also including low spherical degree l. For these stars
the opacity bump due to absorption by iron elements is found in deeper layers and
together with the lower luminosities the thermal time scale requirement is fulfilled
for the low degree g-modes which are not excited in the   Cephei stars (Pamyatnykh
1999).
Typically they have masses between 2 and 7M  and have spectral types ranging
from B3 to B9. As a result of the di↵erence in excited modes to   Cephei stars, these
pulsators also show di↵erent time scales of their variability. The oscillations periods
range from about 0.8 to 3 days which makes them particularly hard to identify since
multisite campaigns and a large time basis are required to unambiguously identify
the underlying modes in their oscillations.
For the sake of completeness also   Dor stars should be mentioned whose possible
presence in NGC 6231 was shown by ASK01. These pulsators are similar to the SPB
stars since both groups oscillate in high overtone g-modes.   Dor stars however are
less massive (between 1.5 and 1.8 M ) and the pulsations are driven by convective
blocking. These stars are found to be even fainter than   Scuti stars and therefore
it was not possible to study them as well in the course of this thesis due to the
limitations of the analyzed data set.
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2.3.3   Scuti Stars
Being more than ten up to a hundred times intrinsically fainter than the massive  
Cephei stars for which the observations were optimized, the   Scuti type pulsators
are only a minor group in the analysis of NGC 6231 with the presented data set.
These stars show light variations with periods between 0.5 h and 6.5 h which are
attributed to both radial and non-radial pulsations and have typical masses of 1.5
to 2.5M .
NGC 6231 is expected also to harbor such stars as they are also found near the
main sequence. This was readily shown by ASK01 who detected many new variables
with frequency spectra and colors suggesting a   Scuti nature. Since some such stars
studied by ASK01 were also found in the input coordinate list, the frequencies listed
by them could also be checked and sometimes refined. However, since the photometry
was not optimized for these stars and therefore are not well sampled, only tentative
frequency solutions will be given, but no attempt to identify the underlying pulsation
modes was conducted.
Knowing the theoretical construct of photometric observations of pulsating stars
and the background of di↵erent classes of them found in NGC 6231 it is possible
to characterize such objects on the basis of practical work. In this thesis CCD
observations are presented, taken in 2007 at the Siding Spring Observatory, featuring
the Johnson UBV filters, stretching over two months and covering the largest field
so far observed regarding time-series measurements of the stars in NGC 6231. Light
curves for 473 stars have been obtained using a in parts newly developed routine
in combination with the technique of di↵erential photometry. Before starting the
description of individual steps in the analysis, a general overview of the included
discussions is given.
3 Thesis Outline
The outline of this thesis is as follows: Part II describes the data characteristics
and reduction procedures also including a thorough description and discussion of the
photometry routines and the theoretical background. Furthermore also an introduc-
tion to di↵erential photometry and the application in this work is given. Part III
highlights the methods employed to analyze the data and includes a short discussion
of the additional tools used for the classification. These are the Fourier method for
the frequency analysis and basic parameters of the Stro¨mgren photometric system
used to determine various stellar parameters. Part IV includes individual discussions
for each variable star separated into already known, newly detected pulsators and
other variable stars, either with unreliable member information or eclipsing binaries
which play only a minor role in the analysis. Part V includes a discussion and a
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summary of these results. In the Appendix various tables and additional informa-
tion on the observations and results can be found, also including a cross identification
since many stars in NGC 6231 have been subject to di↵erent studies during the past
decades and therefore carry many di↵erent names.
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Part II
Data Reduction
4 Data Characteristics
The data used in this work have been obtained during three di↵erent observing runs
at the Siding Spring Observatory in Australia using the 40 inch telescope with its
Wide Field Imager attached. Only one out of the eight chips of the entire array
was read out, limiting the field of view to about 25.5 ⇥ 12.7 arcmin2. This single
detector consists of 2198 ⇥ 4236 pixels where only 2044 ⇥ 4094 pixels are used for
imaging with the rest taken up by pre-, post-, and overscan areas. The pixel scale of
the detector was calculated using the software SCAMP, developed by Bertin (2006),
which cross-matches the detected sources on all images with a chosen catalog - in
this case the UCAC3 catalog marked the best choice (Zacharias et al. 2009) - and
ranges from 0.377 arcsec/pix near the optical axis of the system to 0.374 arcsec/pix
at the edge as a consequence of distortion. Using the available calibration frames
the read out noise was estimated to be 5.5 e , the gain 1.5 e /ADU.
In total the observing program includes 15 single nights, extending over 2 months
in 2007 carried out by Robert R. Shobbrook. The first observing run was conducted
from May 7th 2007 until May 13th 2007, skipping only May 12th. The second
run took place about a month later, from June 11th until June 14th with no data
obtained on June 10th. Finally the third run took place again about one month
later from July 9th until July 12th. Altogether 2785 frames, representing more than
100 hours of data, were collected in the three broadband filters U , B, and V of the
Johnson system. This represents on average 0.44 images per minute which translates
into an even poorer sampling of the light curves since images in all three bands were
recorded each night. However, as shown by Arentoft et al. (2001) and summarized
by Stankov and Handler (2005) all so far known variable bright stars in NGC 6231
represent   Cephei stars with pulsation periods of several hours or SPB stars with
even longer periods, this does not pose a problem for determining accurate frequency
solutions for these types of stars.
A first inspection of the data revealed that during individual nights clouds were
present (also mentioned in the FITS header). Therefore the data quality was ex-
pected to be lower in these periods. During the following data reduction and pho-
tometry it became evident that the frames taken during the cloudy nights could not
be used for the di↵erential photometry since a precision of a few mmag was necessary
to obtain satisfying results. As a consequence these nights have been rejected as a
whole. Furthermore many individual frames had to be excluded as well since the
images were blurred due to movement of the telescope during an integration. For
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Used data
Run # Nights Period # useful images total length
May 2007 4 2454228.0 - 234.3 830 32h
June 2007 5 2454260.9 - 265.9 825 34.5h
July 2007 3 2454290.9 - 292.8 627 23.4h
Total 12 2454228.0 - 292.8 2282 89.9h
Tab. 4.1: Summary of the data collected in the individual months. The period refers to the Julian
Date of the observations. A more detailed listing can be found in the Appendix.
the final di↵erential photometry 2282 out of the 2785 frames could be used.
A summary of the collected and finally used data is given in Tab. 4.1 and a
detailed listing of the complete observing program is available in the Appendix in
Tab. A-3. A detailed report on the provided calibration frames and their treatment
with respect to the science frames is given in section 5.
However, the final amount of data points for an individual star is still subject
to a more detailed analysis. This on the one hand is due to significant pointing
o↵sets of the telescope during the observations where some of the stars close to
the edge of a frame simply drifted o↵ the image. Another reason are the variable
ambient conditions: For instance when thin clouds were present, bright stars could
still be measured with a su ciently large precision, but faint stars may have a too
low signal-to-noise ratio (SNR) to get good results or disappear completely from an
image. These single data points have been rejected ultimately during the frequency
analysis which is described in more detail in section 12.2.
Due to the pointing o↵sets it was necessary to choose a reference frame for which
the photometry input catalog was defined. The finally selected region was determined
by minimizing these pointing o↵sets. To do so, the o↵sets were calculated using the
centering algorithm included in the images package of the Image Reduction and
Analysis Facility, or short IRAF, which provides the information on how the images
need to be shifted to be aligned. The final reference frame was selected to minimize
the o↵sets in both x- and y- direction on the frame. The resulting field of view of
this reference image is shown in Fig. 4.1. This reference covers large parts of NGC
6231, but not the entire area where cluster stars can be found can be investigated.
BVF99 derive a cluster radius of 70, implying a diameter larger than the short axis of
the frames and e.g. SBL98, find cluster members even further away from its center.
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Fig. 4.1: The red frame shows the finally adopted field of view on top of a Digitized Sky Survey
image of NGC 6231. The reference field has a size of about 25.5 ⇥ 12.7 arcmin2, whereas the
background image is centered on ↵ = 16 h 54 m 8.6 s,   =  41  490 36.400 and has a size of
40⇥ 40 arcmin2.
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5 Calibration of raw data
The provided calibration frames included bias images, darks and flat-fields for each
filter. Since in all science frames an overscan was present the bias frames were
combined into three master images, each representing one month of the run. The
overscan then accounts for any drifts in the current zero point in the bias level on
shorter time scales and the masters represent a statistically very good estimation of
the pixel-to-pixel variations attributed to bias level variations across the frames.
Dark frames were only taken during the second month of the observations in
June and thus were combined into a single master dark, which is hoped to be a good
representation of the dark current throughout the entire observing program.
Sky flats were taken on an irregular basis and even worse only few flat fields
existed for a particular day if they were recorded at all. Therefore the flat-fields have
been combined to represent a master flat for each month in each filter. Furthermore
each individual flat field has been checked by examining the frames visually. This
step was necessary since in some images the given filter keyword in the header was
wrong3, almost the entire array was saturated, or the telescope tracking was engaged
so that individual stars remained on the same x/y spot during a complete flat field
series. If a single frame was deemed unsuitable for a well calibrated final science
frame, it was rejected.
In addition the chip was characterized by several dead columns and regions and
also individual dead pixels. Therefore, prior to any further calibration, a bad pixel
mask was generated to deal with these e↵ects by applying a linear interpolation.
The final calibration sequence with the given master frames can be summarized:
1. Fixing bad pixels on the chip by interpolating in x direction across the columns.
2. Applying an overscan strip correction to account for zero point variations of
the bias level.
3. Trimming the images, so that any overscan region was removed. This step was
necessary since many stars drifted o↵ the images due to pointing o↵sets of the
telescope. Trimming the images prevents the subsequent aperture photometry
from measuring stars at the edge of the frame and misleadingly confuse the
pixel values in the overscan region with actual flux of a source. This step
fortunately reduced the already huge file sizes as well.
4. Applying the appropriate master bias and master dark image.
5. Flattening the images by applying the corresponding master flat field.
3Even though all object frames were checked visually as well, the possibility remains that the
filter keyword for some of these images is also wrong.
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Note that steps 1 through 3 were also applied to the calibration frames before they
were combined to a master image. The flat fields received bias and dark correction
as well.
Since only few flat-fields per filter and per month were available the possibility of
super-flatting the data was investigated. In the process of super-flatting, all sources
of interest on the calibrated science images are masked and a predefined set of frames
subsequently combined to account for any residual variations in both large and small
scales. This is only possible if the o↵sets of the telescope pointing are greater than
the largest object of interest. Unfortunately this step could not be performed since
the brightest stars at the cluster center produced halos and spikes on the images
preventing accurate measurement of the residual variations. These e↵ects are very
well visible in the coadded image of all V data presented at the very beginning of
this work.
6 Photometry
6.1 Preparations
The calibration as described above did not result in images ready for photometry.
The software routines employed to extract the fluxes of the stars are also contained in
IRAF. The programs suited for this task, however, require a specific input to perform
the photometry on all frames appropriately. The calibrated frames therefore have to
be prepared to provide the necessary information. The most obvious input required
is the star’s position on the frames, which, in its most straight forward form, simply
consists of x/y pixel coordinates in each recorded image. The photometry routine in
IRAF in principle is capable of recentering the stellar PSFs automatically. For these
data, however, the o↵sets turned out to be too large for many frames, so that the
algorithm converged on a wrong position. Therefore all frames were aligned prior to
the photometry in several iterations
The second possibility for the required input was to use world coordinates (WCS)
as given in e.g. the UCAC3 catalog. This method raised a series of problems: To
guarantee accurate input, a world coordinate solution had to be calculated for each
image separately, which can be achieved using the software package SCAMP (Bertin
2006). Owing to optical aberration like distortion (but also chromatic aberration for
the di↵erent filters) the solution is of course not a perfect match with the sources
on the frame. Therefore, to allow WCS input, the stars in the images needed to
be matched with a reference catalog and subsequently also required resampling to
account for the aberrations. SWarp (see Bertin et al. 2002 for details) is a software
to resample images on the basis of an astrometric solution. In the description of
the software it is demonstrated that such a resampling is always accompanied by
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Figure 8: E↵ects of the resampling on position (top) and flux (bottom) measurements. Left:
bilinear interpolation; right: Lanczos3 interpolation. In both cases, a simulated deep sky image
with 0.7” seeing, containing stars and white background noise, was rotated by 20 degrees and
then rotated back to match the original image. Fluxes were measured in a fixed 2” aperture. The
dispersions seen here reflect the di↵erences between measurements on the original and resampled
images. These dispersions are much smaller than what one would observe by comparing the
measurements on the resampled images with the theoretical (noise-free) positions or fluxes of
the simulation. Note however the significant magnitude o↵set and flux dispersion in the bilinear
case, consequences of the stronger smoothing induced by bilinear interpolation.
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Fig. 6.1: Di↵erence between measured fluxes (magnitudes) before and after resampling. The
left panel represents simple bilinear resampling of a test image with artificial stars. Given is the
di↵erence between measured magnitudes before and after resampling as a function of the original
fluxes. The right hand panel shows the same, but this time a more robust interpolation method
based on Lanczos re ampling (Duchon 1979). Note the big di↵erence esp cially at the fainter nd
of the magnitude range. Ad pted from Bertin et al. (2002).
a corruption of measured flux. As shown in Fig. 6.1 the measured fluxes, in this
case magnitudes, are di↵erent before and after resampling, even with sophisticated
interpolation algorithms. Therefore resampled images are not an ideal choice for
photometric studies. Nevertheless, the resampling was carried out by cross matching
the detected stars in the images with the UCAC3 catalog and then could be coadded
with a weight map based on the master flats, chip defects and cosmic ray detection
algorithms. The resulting coadd in V is shown at the beginning of this thesis and
could in principle be used to expand already existing catalogs or check photometric
results.
For the reasons stated above, the input based on pixel coordinates was preferred.
The images were shifted in such a way that the star’s logical image coordinates4
remained the same in all frames. The standard task in IRAF for such an operation
is the imalign task in the images package. The disadvantage of this routine, however,
is that it also performs an interpolation after the measured centroids of stars were
matched and the images were shifted. To prevent such an interpolation (which
as shown before can corrupt the photometry) the routine imal2 included in the
4Logical image coordinates are pixel coordinates of the actual image, regardless whether it
was transformed, trimmed, reprojected, etc. Physical coordinates on the other hand are pixel
coordinates which are invariant with respect to transformation, e.g. if an image is trimmed they
remain the same.
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VAPHOT package written by Deeg and Doyle (2001) has been employed. This
task uses already existing align algorithms in IRAF but features the possibility of
performing only integer shifts, with the advantage that no interpolation has to be
done. As a consequence the centroids of the individual point spread functions of
the stars do not match perfectly. This however can be treated by setting a correct
centering algorithm during the aperture photometry.
Another necessary preparation is the setting of a convenient observing time for-
mat in the FITS headers and since the observations were conducted in particular to
gather further information on variable stars in NGC 6231 it is important to work
in the correct frame of reference regarding the time. To account for any variations
in the light travel time due to the Earth’s movement around the Sun in the period
of the observations (which for the two months is necessary), the Heliocentric Julian
Date (HJD) was calculated. In this reference frame the observed time is calculated
for a measurement of an observer at the center of the Earth’s orbit. IRAF already
comes with a routine (setjd) to calculate the HJD on the basis of target coordinates
and saved UT observing time.
The third step in the preparation consists of listing typical parameters of the im-
ages, such as the Full Width Half Maximum (FWHM) of the point spread function
(PSF), the standard deviation in the background and various instrumental parame-
ters.
With the preparations as described above the images were prepared to finally
extract the fluxes of the individual stars. The input list, consisting of logical pixel
coordinates has been generated using the task starfind located in the images package
of IRAF. The list had to be edited manually since many false detections were present
around the saturated bright stars. Additional faint stars which were missed by the
task have been added manually as well. The final list consisted of 473 stars omitting
the saturated bright stars.
It was clear during the first inspection of the object frames, that aperture pho-
tometry alone would not yield satisfying results in the final light curves. This on
the one hand is due to the very crowded center of the cluster and on the other hand
due to variable sizes of the point spread functions of individual stars. This is caused
by the camera which has been placed out of focus on purpose to minimize bleeding
from the bright stars. The exact position of the camera was not constant during the
runs, giving sometimes focused images with relatively small point spread functions,
sometimes completely defocused images with point spread functions twice or larger
in size compared to the seeing limit. As a consequence many stars which could
be resolved completely with a focused system were in fact often contaminated by
a close neighbor. Aperture photometry alone would su↵er from this contamination
since the algorithm simply counts ADUs in a given aperture regardless of the origin
of the measured flux. However, the PSF photometry algorithm DAOPHOT included
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in IRAF, developed by Stetson (1987), requires the output of aperture photometry
as a starting point. For this reason aperture photometry had to be performed before
PSF photometry. The individual steps of the photometry procedure which will be
described in detail throughout the following sections are as follows:
1. Header Preparation, in particular the calculation of the HJD.
2. Aperture photometry with di↵erent aperture radii.
3. Selection of “best” aperture.
4. The point spread function photometry is separated into individual steps:
(a) Selection of PSF reference stars.
(b) Building an analytical model of the PSF.
(c) Applying the parameters and building the model PSF automatically for
all images.
(d) Performing PSF photometry by fitting and subtracting the generated ref-
erence model PSF.
(e) Measurig the residual flux at the positions of the individual stars.
(f) Applying the flux correction to pure PSF photometry.
6.2 Aperture photometry
As the basis of PSF photometry with the DAOPHOT package provided in IRAF,
this step has to be conducted before any further and more sophisticated task. As
required input for the task, one has to provide the calibrated images, a coordinate
list (in this case as described above in logical coordinates) and set a series of param-
eters. The instrumental and observational parameters were set accordingly in the
datapars section. For the values of parameters such as the FWHM of the PSF or
the standard deviation of the sky background, several images in di↵erent nights were
checked and finally a representative value of the entire run was chosen. The cen-
tering algorithm was set to centroid within the centerpars list with a centering box
width of FWHM2 . This proved to be su cient, because another centering iteration
was performed during the subsequent PSF photometry.
To measure the local sky background of a star one has to specify the inner radius
of the sky annulus and its width. The applied values represented the region around
a star where the PSF merged into the background which in this case amounted
4 FWHM for the inner radius and 10 pix in width.
With the parameters set, the aperture photometry (the task phot) was run in
batch mode on all images but for each filter separately. Furthermore, the aperture
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Fig. 6.2: Results of four di↵erent aperture radii for the star SBL0303 in the V filter. Panel (a)
shows the di↵erential photometry for an aperture radius of 8 pix corresponding to 1 FWHM, panel
(b) the same data for a radius of 16 pix, panel (c) shows the finally chosen value of 22 pix and panel
(d) for 32 pix. Note that this night has been chosen to demonstrate the large di↵erences between
di↵erent apertures.
photometry was performed with a series of di↵erent aperture radii since the variable
observing conditions did not allow for a prior definition of its size to give good results.
A simple script has been written to automatically do the aperture photometry with
the desired radii (the script can be found in the Appendix). All aperture sizes
beginning with 1 FWHM up to 4 FWHM in steps of 1 pix have been used as input,
were FWHM refers to the full width half maximum of the PSF in the reference image
(= 8 pix).
The final step of this part of the photometry was to select the “best” aperture.
This “best” aperture was chosen to be the one which minimized the scatter in the
light curves. Therefore, to be able to examine the light curves, the di↵erential pho-
tometry routine (which is described in detail in section 7) already had to be applied
to the results of the aperture photometry. Two previously known variable stars were
checked to minimize the scatter in the data. Those stars were selected not to be in-
fluenced by a close neighbor which could contaminate the aperture photometry and
they should have di↵erent apparent magnitudes (and colors). The stars selected were,
following the adapted numbering of SBL98, star SBL0275 and SBL0303. SBL0303 is
a confirmed   Cephei pulsator and SBL0275 an SPB candidate according to ASK01.
After performing the di↵erential photometry, the light curves of these stars re-
sulting from all aperture input radii have been examined visually. Fig. 6.2 shows -
for one night and the star SBL0303 - four of the in total 24 tested apertures as a
26 Data Reduction
representation of the di↵erence in data quality and to demonstrate the importance
of choosing the correct size.
The finally selected aperture is shown in panel (c) which has a radius of 2.75
FWHM. This particular radius has been chosen as a compromise between focused
and defocused data, since smaller apertures give better results on smaller PSFs due
to less captured background noise.
The same procedure has been repeated for all three filters, but finally the above
stated radius of 2.75 FWHM turned out to be optimal for the data in all images.
6.3 PSF photometry
Since for many stars in NGC 6231 the PSFs overlap each other and also there can
be an additional source within the aperture radius, it was necessary to refine the
photometry by using a more sophisticated approach. The idea of PSF photometry
is to build a master PSF which best represents the observed PSF of an image and
then match (scale) and subtract this analytical PSF from all stars in the coordinate
list. The advantage here is that a PSF is matched using only information from the
innermost part of the PSF (say a region of 1 FWHM in radius) and therefore for
almost all cases with a close neighbor star is a very good flux measurement tool. The
measured flux itself is proportional to the volume enclosed by the matched PSF.
Therefore, it is possible to get a very precise flux determination of a star even if
it is not completely resolved from a neighbor and for stars for which the aperture
photometry did not give satisfying results due to contamination, the PSF photometry
is able to produce reliable values.
One disadvantage lies in its complicated form regarding input parameters, espe-
cially when it comes to time series photometry where thousands of images have to be
treated. To deal with uncertainties arising from imperfect matches a semi-automated
routine, making use of already existing IRAF tasks has been developed. The main
idea behind this technique has already been successfully applied by Kjeldsen and
Frandsen (1992). The program they developed combines aperture and PSF pho-
tometry in such a way that it can easily be automated for many individual frames.
It fits an analytical PSF to the stars in the images and applies a subsequent flux
correction to account for any residual flux remaining from an imperfect PSF match
and subtraction.
This technique has two main advantages: First of all it is easily automated, one
does not need to worry about perfect PSF matches since the residuals are accounted
for (still, a good model is of course important for satisfying results). Second, the
applied flux correction is done by placing an aperture at the position of a star on
an image where the PSFs already have been subtracted. This aperture can be much
smaller than the one used for pure aperture photometry, since the residuals are
largest in the center of the PSF.
Data Reduction 27
This can be explained by the nature of the noise characteristics of recorded light.
The signal to noise ratio (SNR) for CCDs is given by
SNR =
Np
N + npix · (NS +ND +N2R)
(6.1)
where N is the number of detected photons coming from the source of interest
(i.e. a star), npix is the number of pixels of the region under investigation (in this
case the entire PSF), NS denotes the photons received from the background, ND
the dark current (more often given as electrons) and NR is the read-out-noise (from
Howell 2006).
One can see that for bright stars the equation can be written in the photon noise
limit where instrumental and background contributors are negligible: SNR = Np
N
=p
N . Therefore, in the center of the PSF where most light of a star is captured, also
the residuals will be largest.
This photometric procedure of PSF fitting and subsequent residual flux measure-
ment has been adapted and successfully applied using only existing IRAF tasks. The
description of the individual involved steps will be given in the following sections.
In addition to the already determined parameters for the aperture photometry,
the PSF photometry requires information on how to generate and match the an-
alytical PSF to the individual star in the frames. The daopars parameters in the
DAOPHOT package contain the necessary information: The most critical param-
eters are matchrad, psfrad, fitrad and mergerad. The first of these determines the
tolerance for matching the coordinates provided in the aperture photometry output
and the measured positions on the frame by various PSF tasks. This can be set
relatively low since the positions of the stars have been recalculated during the aper-
ture photometry. The second parameter defines the radius of the PSF model to be
generated. It was set to be large enough to fit the brightest stars in the frame, i.e.
it was set to the radius where the brightest stars merge into the background. The
third parameter, fitrad, gives the size of the area around the centroid of a star which
is used to scale and match the analytical PSF. In this case several iterations of the
procedure on the reference images revealed that a radius of about the FWHM was
best (in terms of leaving the least residuals). The last parameter mentioned here,
mergerad, had to be set to 0. Otherwise the PSF matching algorithm can merge
stars which are too close together in an image into a single object which of course
is not desired. With all the parameters set and aperture photometry finished, the
first step was to generate a list of possible candidate stars suitable to build a master
PSF.
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6.3.1 Generating a model PSF
The DAOPHOT package provides a tool to automatically select suitable candidate
stars to build a master PSF. The task intelligently searches for stars which should not
be contaminated and do not lie close to the edge of the frame. The selection criterion
for contamination is a minimum distance to a bright neighbor of psfrad+fitradscale+1 , where
scale refers to the pixel scale parameter set in the data-specific parameter section.
In the case of the data set presented here this criterion did not result in a usable list
of candidate PSF stars since many of them were contaminated beyond the distance
defined in the criterion above and well within the PSF model radius. Therefore
suitable candidates were selected automatically by IRAF and the resulting list was
manually edited to exclude sources which still had neighbors within their PSF radii
and also to include some stars missed by the routine which seemed to make a good
reference PSF. These stars could now be used to generate a model PSF, which was
done with the task psf. This routine can be run manually to recheck all the PSF
candidate stars by subtracting the current PSF model. In this way all stars were
checked again whether they had any faint additional sources within the PSF radius.
If this was the case, they were rejected. The final PSF model was calculated from
46 stars distributed over the entire frame using a Gaussian model (other available
PSF models such as a Lorentzian profile were also tested, but did not result in a
significantly smaller residuals).
The steps described above to find suitable reference have only been applied once
to the reference image for each filter since the selected stars are not contaminated
in all other frames (apart from occasional chip defects or cosmics which do not pose
a problem due to the large number of chosen reference stars). With the provided
list of PSF reference stars it was possible to generate the master PSF for each image
automatically. This was done by (a) running pstselect in non-interactive mode with
just the PSF reference stars in the photometry input and subsequently (b) running
the task psf in non-interactive mode all frames to generate an individual model PSF
for each image separately. To check the quality of the created master PSFs, the
models were inspected for both focused and defocused images.
With this step in the photometry procedure now a master PSF was available for
each image. This reference now had to be fit and subtracted from all individual stars
in the coordinate list.
6.3.2 Fitting the PSF
With a model PSF available for each frame it was possible to subtract the PSF
from the individual sources in the coordinate list. This can be done in di↵erent
ways with the DAOPHOT package. IRAF allows to fit just a single star, groups
of stars or all stars at once. The reason to fit just single or groups of stars is that
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Fig. 6.3: The left hand panel shows the original PSF of a moderately bright star without contami-
nation by a nearby second star. The right hand panel shows the same region on the image after the
model PSF was fit. The residuals make it necessary to apply a correction to the measured magni-
tudes of pure PSF photometry. Note that the chosen aperture radius for the aperture photometry
(22 pix) is even bigger than the entire area shown here. The residuals, however, are concentrated
in a much smaller region around the center of the imaged star. For most of the stars the residuals
are of the order of ⇠ 1% of the total flux of a star.
after a subtraction an additional fainter star might show up on the frame which was
previously not detected because it was hidden in the PSF of the brighter object. In
the case of this data set none of the few revealed stars resulted in satisfactory data in
the end. Therefore all stars were fit simultaneously which can be done with the task
allstar. The output of this procedure was an image where the PSF had been fit to all
input stars (the ones provided by aperture photometry) and the photometry resulting
from pure PSF fitting. In principle if the fits match the model PSFs very well on
an image with little residuals left, the output at this step can be used to perform
high precision di↵erential photometry. However, since the fitting parameters can not
be set to give a perfect match for thousands of images and because of residuals due
to photon noise, it was necessary to apply a correction. The imperfect removal of
a star’s PSF can be seen in Fig. 6.3. The right hand panel shows the region of
star in the PSF-subtracted image. In this example the residuals are in total only of
the order of < 1% of the total flux of the original PSF, but since this error is not
constant throughout an entire image for all stars it is necessary to account for the
remaining flux. The advantage of this method can also be inspected in this figure.
For the aperture photometry a radius of 22 pix was chosen, which minimized the
scatter in the light curves of variable stars. The area covered by this aperture is
about 70% larger than the total area shown in Fig. 6.3. However, as expected the
residuals are concentrated just around the center of the original PSF in a region of
approximately 10 pix in radius around the center of the star’s PSF. Consequently
the correction aperture can have a much smaller size than the original one used for
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Fig. 6.4: Comparison of various reduction methods for the star SBL0303. Panel (a) shows pure
aperture photometry, panel (c) pure PSF photometry. The di↵erence between these demonstrates
the necessity to apply a residual flux correction. Panel (b) and (d) show such a corrected light
curve for an aperture of 10 pix and 20 pix respectively. Note that this star is not contaminated
by a close neighbor which makes the di↵erence between aperture and finally adopted PSF photom-
etry insignificant. Also visible is the di↵erence between chosen apertures for the flux correction.
SBL0303, a   Cephei variable and therefore relatively bright star in the field, benefits from a larger
correction radius. For fainter stars however, smaller corrections result in better light curves.
the photometry.
Note that this is only an example of a moderately bright star with good observing
conditions. As will be demonstrated later, for worse conditions and brighter stars,
the area where significant residual flux can be measured is larger than stated here
and makes the use of bigger apertures necessary.
6.3.3 Applying the Flux Correction
The residual flux after the subtraction of the model PSF is expected to be distributed
over a wider area for brighter stars and also for images where the camera was out
of focus since the light is then spread over a larger area. Therefore the residuals
have been measured with four di↵erent aperture radii beginning with 5 pixel up to
20 pixel in steps of 5 pixel. To accomplish this the aperture photometry routine in
the DAOPHOT package has been used again. Also, to guarantee that the center of
the aperture coincided with the center of the PSF, the coordinates of all stars for all
frames were dumped out of the PSF photometry output and used as input for the
flux correction. The provided centering algorithms in DAOPHOT could not be used
anymore since those are optimized for Gaussian-like light distribution.
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Fig. 6.5: Di↵erence between aperture photometry and PSF photometry for the badly contaminated
star SBL0424. The two left hand panels show the light curve for one single night resulting from PSF
photometry (top) and aperture photometry (bottom) with a radius of 22 pix. This specific aperture
is indicated as red ring centered on SBL0424 in the right hand panel which shows a section of the
coadded image in V . It is apparent that the photometry for this star su↵ers from close neighbors
and the halo produced by one of the brightest stars in NGC 6231. Clearly PSF photometry has to
be preferred here.
In the end the four di↵erent corrections where visually checked for each star and
the one resulting in the least scatter of the light curve was selected. As expected for
faint stars a smaller radius proved to be best since the residuals are concentrated on
a small area. In this case a large aperture would include too much background noise
and e↵ectively degrade the quality of the light curve. Fig. 6.4 shows a comparison
between pure aperture photometry, pure PSF photometry and two di↵erent radii
applied for the correction of the residual flux. For this example the star SBL0303
and has been chosen to demonstrate that
1. the choice of the correct aperture for the residual flux correction is critical.
2. there is only an insignificant change in the quality of the light curve between
aperture photometry and a correct application of the flux correction. However,
this is only true for stars which are not contaminated by a close neighbor (as
is the case for this star). For those stars which su↵er from a contamination
the change is much more dramatic. This is readily visible in Fig. 6.5 where a
comparison for a contaminated star is shown.
The di↵erence between aperture photometry and finally adopted PSF photom-
etry would also be larger if the background was stronger. In such a case aperture
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photometry would include much more noise than the more sophisticated method.
However, clearly visible is the important di↵erence between pure PSF photometry
as shown in panel (c) and the ultimately used light curve shown in panel (d).
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7 Di↵erential Photometry
With the instrumental magnitudes finally extracted from all the images the next step
was to generate light curves. The raw photometry output, however, is a↵ected by
the changing transmission of the atmosphere and therefore is not suitable to search
for and identify intrinsic variability of the stars. Instead of linking the observations
for all images to a standard system (as is the case for absolute photometry), the
method of di↵erential photometry was employed.
7.1 General Outline
The basic concept of this technique is to observe a target star, whose variability is to
be studied, and at least two comparison stars (CS) which do not show any variation in
their light curves, except the scatter due to measurement errors. These comparisons
of course can be variable at a lower level which cannot be detected because the error
in a single measurement is much larger than the intrinsic variability amplitude. It is
important to have at least two such CS to check each other for intrinsic variability
which would propagate into the di↵erential magnitude. The method then is straight
forward: One calculates the ratio of the target’s flux to the CS’s flux or in the
translated logarithmic magnitude scale simply subtracts the values of the CS from
the object of interest.
Several important characteristics of - in this case - CCD photometry contribute
to the error budget in the final light curve. Major contributors are the noise terms
already mentioned in Equ. 6.1. All of them contribute to the error of a single
measurement of a star on one frame. However, it is important that the error in the
measurement of the CS is lower than the error of the target. If this is not the case
the noise in the di↵erential magnitude would be increased by the subtraction due to
error propagation. Therefore, for only one suitable comparison, this star should be
brighter than the target.
Another not so obvious error arises from the di↵erent e↵ective temperatures of
target star and CS. As stated by Broeg et al. (2005), stars with di↵erent e↵ective
temperatures (which is equal to a di↵erent spectral energy distribution) will be ob-
served at di↵erent e↵ective wavelengths. This occurs because the convolution of the
energy distribution of the star with the response function of the instrument (includ-
ing filters) is di↵erent for each observed source. This in turn will result in distinct
extinction curves of the individual objects. Another contributor to this e↵ect is the
di↵erence in airmass which also has to be accounted for.
The consequences for the di↵erential photometry can be demonstrated by assum-
ing a flux of the target star F1,0 and CS F2,0 if observed outside of the atmosphere.
Due to the atmosphere only a certain amount of the star’s light will reach the ob-
servers instrument which can be described by introducing transmission coe 
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K1 and K2
F1 = K1 · F1,0 F2 = K2 · F2,0 (7.1)
with F1 and F2 being the measured flux on earth. Transforming this into magni-
tudes with
 m = m1  m2 =  2.5 · log
✓
F1
F2
◆
, (7.2)
where  m is the di↵erential magnitude, and inserting the relations for extinction
gives
 m =  2.5 · log
✓
K1 · F1,0
K2 · F2,0
◆
(7.3)
From equation 7.3 it can be seen that for stars where the transmission coe cients
are equal, no further error is introduced in the di↵erential magnitude due to the
atmosphere and the precision is only limited by the noise terms of equation 6.1.
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Fig. 7.1: The solid black line indicates atmospheric extinction in terms of relative transmission as
a function of wavelength   on the basis of molecular scatter. Also indicated are the transmission
curves for the Johnson UBV system. The gradient of the transmission function is larger at shorter
wavelengths making observations in bands like U more susceptible to changes in extinction: A
minor change in the atmospheric transmission results in large di↵erences in the response function
of the observations. Vice versa, a minor change in the observed e↵ective wavelength results in
a dramatic di↵erence in the extinction coe cients causing a larger color term in the di↵erential
photometry. Data from Cox (2000) and for the filter passbands from Moro and Munari (2000).
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However, as stated above, the terms will not be equal for two stars, introducing a
color term in the relations.
The error introduced by this extinction di↵erence depends on the passband of
the observations and is strongest at short wavelengths (for this work therefore in
the U filter). The reason for this is displayed schematically in Fig. 7.1 where it can
be seen that only small di↵erences in the e↵ective observed wavelength of a source
result in large di↵erences of the extinction coe cient (and thus the transmission)
at shorter wavelengths because the extinction gradient is much higher in this region
(Broeg et al. 2005). This error can be minimized by choosing CS of the same color
(or ideally of the same e↵ective temperature) as the target star. Usually suitable
CS (with the same color and comparable airmass as the target) are selected before
an observation takes place. However, for stars in clusters such as NGC 6231 one
has to pay extra attention when selecting a subsample on the basis of similar color:
Considering a pulsating star with a certain color index, it is likely that other stars
with the same color also show pulsations since they are found in the same region in
the HR diagram, in other words share physical conditions such as their mass and
therefore might be in the same instability strip.
7.2 CCD Application
Since no di↵erential magnitude calculation algorithm is provided in the DAOPHOT
package, this step had to be done separately. Unfortunately, the output format of
the IRAF PSF photometry task does not consist of a simple ASCII table or any
other convenient format, so that the values of interest had to be dumped out of the
provided tables. This can be done with the task txdump in IRAF. One problem in
particular appeared due to the fact that the telescope did not point at the same
location in the sky all the time. Consequently stars close to the edge of the reference
frame sometimes drifted o↵ the image and therefore could not be measured by the
photometry task. In such a case DAOPHOT writes the string INDEF into the
output file. During the calculations of the di↵erential magnitude, which were done
in the end automatically by specialized programs, those values have to be accounted
for. The easiest way to do so was to assign an unrealistically high number to these
measurements. This allows one to identify such bad values just by looking at the
light curves and then erase them.
Regarding CCD photometry the need for observing an extra CS field does not
exist for the case where other stars are in the same field as the target and these extra
stars are suitable for the di↵erential photometry. In addition, observations of rich
fields with many stars in one image also o↵er many more potential CS for an optimal
di↵erential magnitude calculation.
As mentioned above, the approach for di↵erential photometry is very simple
from the mathematical point of view. Nevertheless, several ways have been tested
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to generate the best (again in the sense of minimizing the scatter) possible light
curves from the instrumental magnitudes extracted before. The most basic way was
to manually select a suitable CS on the basis of color index, brightness and intrinsic
variability and then calculate the di↵erential magnitude for a known variable in the
field.
The second possibility explored involved many di↵erent CS whose magnitudes
were averaged to decrease the statistical errors in the resulting artificial light curve.
The chosen comparison stars were checked afterwards for intrinsic variability and
were rejected if any sign of variation apart from the single data point error could be
detected. The di↵erential magnitude was then simply calculated by
 m = mt   hmcsi = mt   1
n
nX
i=1
mi,cs, (7.4)
where mt refers to the instrumental magnitude of the target star, mi,cs to each
instrumental magnitude of the individual CS and n is the total number of CS used.
This approach is very convenient since it can easily be automated and yields a very
good first impression of the data quality. Furthermore the CS can be selected manu-
ally to match the target’s color and therefore theoretically decrease the scatter even
further. However, in the case of the data presented here no significant di↵erence
could be observed between a sample of CS which matched the color of the target
and a second sample of CS which featured the best light curves regardless of their
color. This suggests that the overall error budget in the di↵erential magnitude is
dominated by the errors coming along a single measurement and second order terms
due to color di↵erences are not relevant.
The third method employed was the approach developed by Broeg et al. (2005).
They provide an algorithm which is capable of calculating a weighted mean of either
all stars in the field or a pre-selected subsample. In this way stars with less scatter in
their light curves receive larger weights than those which do not seem equally suitable
as a CS. Their approach for calculating the di↵erential magnitude is described by
 m = mt   hmcsi = mt  
X
i
ci ·mi,cs, (7.5)
with
X
i
ci = 1, (7.6)
and
ci / 1
 2csi
, (7.7)
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where ci refers to the individual weights for each CS and  csi denotes the standard
deviation of the di↵erential magnitude of each CS. The latter is calculated by
 mcsi = mcsi   hmcsicjj 6=i = mcsi  
X
j 6=i
wj ·mj,cs, (7.8)
where wj are the rescaled weights so that
X
j 6=i
wj = 1 (7.9)
Therefore, the used weight of each CS depends on the scatter in its di↵erential
light curve. For the calculation of the di↵erential magnitude of the individual CS
the particular CS is not included in the calculation itself, therefore allowing to check
whether this star is intrinsically variable. This is a very convenient approach since
it automatically assigns the largest weights to those stars which feature the smallest
standard deviation in their measurements. Note, that the algorithm needs a starting
point since during the first iteration no information is available about the standard
deviation in the di↵erential light curves (because there are no such light curves yet).
Therefore, the algorithm takes the average single data point error provided by the
photometry as a measure for the initial weights. During the second iteration these
weights are then replaced according to Equ. 7.6 and 7.7.
For the data set here however, one disadvantage arises: as can be seen in Equ. 7.7
the weight of a particular CS used for the calculation of the di↵erential magnitudes
is indirectly proportional to the squared standard deviation of the light curve of this
CS. Since the weights are calculated using all available data points it is critical to
make sure that no bad values introduced by the photometry are included. If this is
not the case, a theoretically perfectly suitable CS will have an extremely low weight
if just one measurement is for example a↵ected by a drift o↵ the frame. Therefore it
was necessary to check possible CS for such outliers and remove them.
Finally the method which automatically scales the weights according to the stan-
dard deviation of the light curve has been chosen. From a statistical point of view,
this should result in the most reliable light curves. After several iterations using
di↵erent sets of CSs, it became evident that a selection of a subsample (independent
of color) indeed could improve the quality. Even though stars with a large standard
deviation receive the smallest weights in the calculation, they nevertheless a↵ect the
final di↵erential photometry if they are included in large numbers. To find the best
CS subsample, a systematic approach of eliminating unsuitable stars seemed the best
way to improve the quality.
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7.3 Finding the best comparison stars
The best comparison stars were chosen to be those for which the scatter in the light
curves resulting from the di↵erential photometry was minimized. To test this, two
stars with di↵erent e↵ective temperatures have been checked using various sets of
CS. The first, again SBL0303, is a   Cephei variable with spectral type B2 IV-V
according to PHC91, the second star is a foreground   Scuti pulsator, SBL0612, with
spectral type F0 III taken from the same reference. Comparing the light curves of
these two stars with respect to di↵erent sets of CS allowed to determine whether a
subset defined to match the color of a star was necessary and whether this led to a
significant improvement of the di↵erential photometry.
During the first iteration of the selection process 50% of the stars with the small-
est weights, i.e. the largest standard deviations have been rejected. During the
second run the average given errors by DAOPHOT and the standard deviation of
the light curves have been compared. It is clear, that when the standard deviation
and the average errors of the single data points agree well, the star is very likely
to be constant within the measurement precision. This criterion was used as main
indicator in the selection process. If the di↵erence was too large, meaning that either
the star is intrinsically variable, or some bad data points are present, the star was
rejected as potential CS.
Only the best 100 out of the 472 available CS (473 stars were measured in total,
leaving 472 potential CSs for one object) were selected for the next iteration where
they were visually checked for variability. 40 of them have manually been rejected
due to variability, bad data points or a too large single data point error. In the end
a subset of 60 CS yielded the best result. A further reduction did not result in an
improvement of the light curves and also from a statistical point of view it seemed
best to include as many CS as possible in the final set. In addition amplitude
spectra were calculated for the final set of CSs to make sure that only extrinsic
e↵ects contribute to the changes in the light curve of these stars. Moreover, if one of
these stars is nevertheless intrinsically variable its contribution to the final di↵erential
photometry is minimized by the large number of chosen CSs.
To check if an improvement of the quality was possible by selecting only stars with
similar color, the spectral types listed in various references were checked (PHC91,
RCB97 and BVF99). Since most of the classified stars featured spectral type B,
the subset for SBL0612 was selected from matching (B   V ) colors as given by the
photometry performed by SBL98. For both stars the selected subsample did not
result in an improved light curve. In the case of SBL0612 the light curve featured
even larger scatter since many of the well sampled stars with low errors and overall
flat light curves are in fact B type stars. The stars included in this subsample were
overall fainter and consequently were accompanied by a worse SNR.
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Fig. 7.2: Comparison of di↵erent numbers of CS used in the di↵erential photometry. The bottom
panel shows the light curve of the CS with the lowest standard deviation, i.e. largest weights
calculated with just one other check star. The panel in the middle shows the averaged light curve
of 10 CS used. The standard deviation of the data for this night is reduced by a factor of 3
which agrees well with the improvements expected from white noise. The top panel shows the light
curve of the star SBL0303 when all 60 CS are used. The average point error for star SBL0303
and the CS shown in the bottom panel are ✏ = 0.003 mag. This value agrees very well with the
standard deviation of “constant” stars where the light curve is expected to feature the same standard
deviation and average point error. Note that this error is larger than the standard deviation of the
10 CS light curve which means that the errors in the di↵erential photometry are dominated not by
the CS but only by the error of a single data point. Also note that in the end a total of 60 CS
was used, each of them weighted according to the standard deviation in the di↵erential magnitude
which gives an even better result as the one shown for demonstration purposes here.
Therefore, the sample consisting of 60 stars was used to check for variability for all
stars regardless of color and spectral type. To demonstrate that the use of multiple
CS can significantly improve the di↵erential photometry, the di↵erential magnitude
of just one CS was calculated and compared with an artificial star generated by
evaluating the average of the 10 CS with the largest weights. Fig. 7.2 shows that the
standard deviation of 10 CS is improved significantly over just 1 CS. The standard
deviation is improved by a factor of 3. Theoretically the statistical noise is reduced
by a factor of
p
10 which agrees well with results obtained here. Also important is
that the errors of a light curve of a variable star are dominated not by the di↵erential
photometry but by the error of the single data points. This is visible as well, since the
scatter in the light curve of the variable star is larger than the standard deviation of
the CS light curve. Note that this example was chosen to demonstrate how multiple
CS can significantly improve the final light curves. However, it is not representative
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for all nights, where either minor trends or individual scattered data points are
present. Those also could not be removed by choosing di↵erent subsamples of CS
and therefore had to be dealt with during the frequency analysis where extra care
was taken for the identification of low frequency variations.
In the end di↵erential photometry was performed on all stars in the data set with
the 60 selected CS. For the stars where variability was significant all apertures for
the residual flux correction were tested and the one resulting in the best light curve
was chosen for further analysis.
8 Remarks on data quality
With the photometry procedure finished, the light curves of all stars were ready to
inspect visually and to investigate the data characteristics. The first impression of
the data quality could be attained by inspecting the light curves of already known
variable stars. As expected, some far scattered data points were present in many
light curves which is a result of the drift of the stars o↵ the frame and variable
observing conditions. If these clearly were caused by such e↵ects, the corresponding
sections in the light curve were deleted during frequency analysis. However, many
of the peculiarities of the data set have only been realized after the analysis of many
variable stars. Typical for the data set are long term trends. These were found to be
a mix of the di↵erent lengths of individual runs of the entire observing program. For
instance, in many data sets variability of the order of the length of 2 months (i.e. the
entire run) was found along with minor changes on shorter time scales attributed to
daily variations in the instrumental and atmospheric conditions. As a consequence
it was very di cult to detect significant intrinsic variability with a comparable time
scale. For many stars this extrinsic variability even dominated the light curve and
could amount as much as 0.01 mag in amplitude. Since only few pulsating stars
exceed this amplitude in their own intrinsic variability, occasionally adjustments of
the data set were required. To enhance possible   Cephei variability for instance
the light curves were adjusted so that the mean value in magnitude of each single
night was set to 0. Such an adjustment of course corrupts the variability in the 1 c/d
regime and below, but also above up to a few c/d. Therefore, for potential SPB
stars, if the variability was dominated by extrinsic o↵sets, the adjustment was done
on a monthly basis so that the mean value in magnitude for each month was set to
0.
To guarantee an unambiguous frequency determination such adjusted light curves
were always compared to the original ones. Only frequencies which showed up in the
original set as well were included if deemed significant.
In general the quality in V and B lived up to the expectations. For the brightest
variable stars the single data point error was found to be in the mmag range and
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Fig. 8.1: Comparison of the data quality in V and U . The top two panels show the di↵erential
magnitude in V for the star SBL0317, an SPB pulsator, whereas the bottom panels show the same
time frame, but in U . The light curves have been adjusted so that the overall mean equals 0. Clearly
visible are trends which cannot be explained by intrinsic variations, i.e. amplitude di↵erences. Also
very well visible are long term o↵sets in the U data: The mean values in magnitude of the two
nights are about the same for the V data, but clearly a di↵erence exists in U . These trends and the
corruption of the data had to be dealt with during the frequency analysis since no way was found
to eliminate these during the data reduction or photometry procedures.
increased according to the brightness of the object. For nights where the camera was
significantly defocused or thin clouds were present, the light was spread over many
more pixels making it harder to apply a good PSF match and residual flux correction
and consequently yielded worse data.
In U the situation is completely di↵erent. Already the first inspected light curve
showed errors in the photometry which can only be caused by an error in the data
reduction or are extrinsic e↵ects. The star SBL0317 has been chosen to demonstrate
some peculiarities of the data in U . The light curves for this star and for two nights
are shown in Fig. 8.1. Immediately visible is the striking di↵erence in the overall
shape of the light curve. Pulsating stars (SBL0317 was later classified to be an SPB
star) exhibit amplitude di↵erences in distinct bandpasses due to the temperature
di↵erences and geometric variations coming along the pulsations. However, such
di↵erences cannot account for the di↵erent shapes in the light curves of V and U
data as shown in the figure.
Various explanations for this behavior have been investigated. First of all an error
in the photometry was investigated, since the three filters were reduced separatly.
All input parameters were checked and no error could be found, also there was no
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significant di↵erence between aperture and PSF photometry apart from the expected
ones. The second possibility investigated was a flat field error in the sense of a mix-
up with other filters, but also this did not turn out to be the cause of the observed
e↵ects. The third possibility was a flaw in the di↵erential photometry by taking
wrong comparison stars. Various subsamples have been tested, including equal color,
spectral type and a nearby position in the frame for the CS. All of them showed the
same drifts.
Since no way was found to correct for these errors, it was decided to deal with
them in the data analysis. Not all nights show such extreme o↵sets as visible in Fig.
8.1 and very often only small parts of the light curves were a↵ected. For this reason
suspicious parts in the data were simply deleted during the frequency analysis. To
locate these positions in the data where such a corruption was present, the light
curves in U were compared to those in B and V .
Possible explanations for these o↵sets might be indeed flat field errors. For some
frames where the background was significantly larger than average (due to clouds,
lights, etc.) a distinct residual pattern on the frame was visible after flat fielding,
indeed suggesting an imperfect correction. As already mentioned during the descrip-
tion of the data reduction some images had wrongly saved header key words for the
used filter. Together with the already very few flat fields available such an error
might explain the corruption. The long term trends also visible in Fig. 8.1 might
be explained be instrumental instability. Also atmospheric variability can account
for at least some of the o↵sets since the gradient in the extinction curve is largest at
small wavelengths.
All these errors have been taken into account during the frequency analysis and
unfortunately make it necessary to delete large parts of the light curves for many
variable stars. As a consequence variations which were well visible in V and B were
not visible at all in the U data. For fainter stars these o↵sets did not pose such a
big problem since the white noise in the data is larger than the amplitude of the
corruption. The data quality for individual stars will be discussed in the sections
regarding the analysis of these objects.
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9 Summary of Data Reduction
The data reduction can be summarized as follows and the details of the individual
involved steps can be found in the corresponding sections.
1. Editing image headers and calculation of the Heliocentric Julian Date (and
airmass if wanted).
2. Overscan correction and trimming of the images.
3. Creating master calibration frames on a monthly basis for bias frames and flat
fields. The darks were combined into a single master.
4. Calibration of science frames with appropriate master-bias, dark, and flat field.
5. Aligning images due to significant pointing o↵sets during observations so that
the positions of the stars match in all frames in the logical pixel coordinate
system.
6. Compilation of a source catalog from a reference image. This image was chosen
to minimize the o↵sets in both x and y direction on the frame.
7. Performing aperture photometry with a range of di↵erent radii.
8. Di↵erential photometry on the basis of the aperture photometry results and
selection of the best aperture.
9. Generating a catalog of PSF reference stars.
10. Building the master PSF for each image individually.
11. Subtracting the model PSF from all stars in the coordinate list. The best
radius from aperture photometry was used as basis of the PSF photometry.
12. Checking previously undetected stars which were hidden beneath a much brighter
star’s PSF.
13. Performing aperture photometry on the residuals of PSF photometry with a
range of di↵erent radii for the residual flux correction.
14. Searching for the best comparison stars - the ones which resulted in the lowest
scatter in the light curves.
15. Performing di↵erential photometry on all stars.
16. For variable stars: selection of optimal residual flux correction aperture on the
basis of the apparent brightness of a star.
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10 Comment
As already discussed in Section 6.3, the above used method of combining aperture
and PSF photometry has been developed by Kjeldsen and Frandsen (1992) as a stand
alone program. Their idea in combination with the widely used software packages in
IRAF has successfully been ported and has been proven to work reliably.
During the development many scripts have been written to automate the process
of data reduction and precise photometry in crowded fields. The most important of
these scripts can be found in the Appendix including a short description.
The procedure developed in the course of this thesis was never meant to be fully
automated, still consists of several connected scripts and makes uses of a specialized
program for di↵erential photometry. Various tasks in between the employment of
the scripts are necessary to connect them with each other to finally get reliable
photometric results. Those steps involve knowledge of the functionality of many
tasks of the DAOPHOT package, but also require advanced data reduction skills as
well as understanding of data characteristics. These aspects determine the successful
application of the procedure.
In addition, the scripts were not developed for a use by a wider audience. A
development of a separate IRAF package is absolutely possible, but such work would
have by far exceeded the outline of this thesis and therefore may be subject to a
later realization.
Furthermore this technique needs additional verification, some of which already
had been done before it was applied to the data set presented here. In the course
of this it was shown in private endeavors that di↵erential photometry at the mmag
level from Vienna using the institute’s telescope facility is feasible and another test
was performed by reducing data analyzed by Handler and Meingast (2011) in parallel
with the routine developed by Kjeldsen and Frandsen (1992) which resulted in equally
well performed di↵erential photometry.
As a conclusion to this section it needs to be said that the scripts developed
and employed are by far not ready for publication and need further refinement and
generalization to be used by people who were not involved in the development.
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Part III
Methods
With the data reduction process finished, light curves of 473 stars were available for
further analysis. This part of the thesis focuses on the methods which were used to
investigate the nature of variable stars including photometric data and variability
analysis tools on the basis of Fourier transforms. The first part discusses how variable
stars are identified from the light curves and which methods in general were used to
obtain a classification.
11 Identification of Variable Stars
To identify intrinsic variability of a star, each light curve has been inspected visually.
If any sign of variation in the light curve was visible, the star’s position on the
reference image was checked to rule out any form of data corruption. This can occur
if the star is close to the edge of the frame (which means that the star likely drifted
o↵ some images due to pointing o↵sets). This kind of contamination is very easily
identified since a slow drift o↵ the image means a continuous drop in brightness until
it completely disappears (and therefore no measurement could take place). Another
type of corruption can occur if a star is not resolved from a close neighbor or if
the object saturates on the detector. The former type is more critical since the
camera was partly in focus and partly out of focus during the runs. This means that
sometimes the PSFs of close stars will merge, making it hard for PSF fitting to give
good enough results.
During the process of identification it became evident that some nights are better
suited for variability studies than others due to more stable observing conditions. If
it was not clear (based on visual inspection) whether a star was variable only these
nights were considered.
Furthermore, all kinds of previously identified variable stars (or suspected vari-
able stars) were checked for intrinsic variations. Among these stars also a frequency
analysis was performed even if no variation was obvious to the eye because a confir-
mation of a previously detected oscillation frequency is also considered an important
result.
After the confirmation of the variability of a star, it had to be assigned to a
distinct class of variables. Not only time series di↵erential photometry in the filter
U , B, and V (as provided here) can be used to do so, but instead a variety of methods
is combined to allow an unambiguous classification. These are:
• Timescales of variations. Di↵erent classes of variable stars have distinct prop-
erties in their variability pattern. In particular multi-periodicity is a major
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indicator for a pulsational origin of the variations.
• Di↵erences between passbands. To rule out e↵ects due to rotation also mul-
ticolor photometry can be used. Amplitude di↵erences in distinct filters is
therefore the second indicator used here for the identification of pulsations.
• Position in the HR diagram. A defined type of pulsation for stars can only
occur if certain physical conditions are satisfied. As a consequence, there are
distinct locations in HR diagrams where pulsations can occur. The regions are
unique to a particular class of variable (but sometimes also overlap). These
borders are observationally defined and the goal of model simulations is to
reproduce measured instabilities, i.e. fit the experimental data.
• Comparison of photometric parameters among the variable stars. Since the
stars of interest in this work are mostly bound in the stellar aggregate NGC
6231, also a comparison of various photometric properties (such as colors) can
be used to aid in the classification of a pulsator. Such an approach will only
be used as a backup option if there are no astrophysical parameters available
for a star. Furthermore, there has to be information available with respect to
membership in the cluster. For non-members such a comparison is not valid.
Individual discussions how a classification was obtained for a variable star can be
found in the section regarding this particular object.
In the subsequent sections the tools used to classify the investigated pulsating
stars will be briefly described.
12 Tools for the Classification
It is crucial not only to rely on a single method to assign a star to class of variables.
Using only the information the time series provides can result in a suggestion which
type of variable this particular star belongs to. Therefore the results of the data
presented in this work do not su ce to guarantee a clear picture of the types of
pulsators in NGC 6231.
One important tool which can be an aid in such a classification is the position in
the HR diagram. Only certain physical conditions allow a star to pulsate and these
conditions are only given for a set of stellar parameters. Knowing whether a star is
placed inside an instability region in such a diagram can shed light on the nature
of its type. One method to do so is to derive the star’s e↵ective temperature and
surface gravity along with other important values such as luminosity, color excess
and distance modulus.
A plot of the star’s luminosity versus e↵ective temperature reveals di↵erent classes
of variable stars and is called a theoretical HR diagram or in the case of displayed
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classes of pulsators a pulsation HR diagram. A schematic view of such a diagram
has been shown in Fig. 2.2 which was explained in more detail in the corresponding
section. Visible are the di↵erent classes of pulsating stars, evolutionary tracks and
an indication of the classical instability strip. NGC 6231, being a very young cluster,
is very rich in   Cephei stars and ASK01 also find evidence for fainter variables such
as SPB stars,   Scuti pulsators and possibly even   Dor type variables.
An elegant way of deriving the luminosity and e↵ective temperature is to employ
the popular intermediate band Stro¨mgren photometric system.
12.1 Stro¨mgren Photometry
The Stro¨mgren photometric system was introduced by Stro¨mgren (1956) and further
observational development was conducted later by Crawford and Mander (1966). It
consists of 4 distinguished intermediate band filters, uvby5, whose basic parameters
can be found in Tab. 12.1.
In contrast to the Johnson UBV system which was mainly defined historically
on the basis of the human eye’s reception and the response function of photographic
plates, the uvby system is defined on the basis of astrophysical conditions in stars.
In comparison to the Johnson UBV filters, this system eliminates some handicaps
of the former. Particularly, the measured magnitudes are essentially monochromatic
and the transmission curves of the filters do not (significantly) overlap. In the UBV
system however, large regions of the filters over the defined wavelength ranges do
indeed overlap which makes it di cult to determine accurate stellar parameters.
One drawback however comes with the nature of intermediate band systems.
With a smaller bandpass also much less photons are captured, therefore decreasing
the sensitivity of an instrument. The ratio of the width of the filters’ passbands be-
tween the Johnson system and the Stro¨mgren system is about 4, therefore decreasing
the limiting magnitude by 1.5 mag.
u v b y H ,w H ,n
 peak [nm] 350 411 467 547 489 485.9
HWHM [nm] 30 19 18 23 14.5 3
Tab. 12.1: Basic data on the uvby  system.  peak refers to the wavelength where the transmission
of the filter reaches its maximum, the HWHM (half width at half maximum) to half of the width
of the filter at 50% of its peak transmission. Note that the peak wavelength given here di↵ers from
the e↵ective wavelength of a filter which is its weighted mean. Furthermore of course no filters are
equal after the assembly so that this list provides only standardized values which were taken from
Stro¨mgren (1956).
5uvby denotes “ultraviolet”, “violet”, “blue”, and “yellow” respectively.
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The Stro¨mgren system allows to photometrically distinguish multiple character-
istics. One important attribute of stars is the Balmer decrement at the end of
the Balmer series caused by the increasing number of absorption lines of hydrogen
crowding towards the Balmer limit at about 365 nm. Fig. 12.1 shows in in the left
hand panel spectra of dwarf stars with di↵erent spectral type. Clearly visible is the
Balmer decrement which grows strongest towards early type A stars. This feature
is an important indicator of stellar parameters such as luminosity. As visible in the
top right panel of Fig. 12.1, the Johnson U and B filters however are not ideal to
measure this drop since the transmission curves overlap each other and - even worse
- also overlap with the feature itself. In contrast the Stro¨mgren u and v filters are
placed each at one side of the Balmer decrement.
Another property of this photometric system allows the measurement of line
absorption e↵ects. As readily seen in Fig. 12.1 not only the shape of the spectrum
in terms of its curvature depends on the spectral type (hence temperature), but
also the appearance and size of various absorption features is di↵erent for individual
classes. This line blocking introduces a drop in brightness when the stellar spectrum
is compared to a source without absorption features, e.g. a blackbody. For the b
and y filters this e↵ect is roughly constant with increasing strength towards shorter
wavelengths and reaches a maximum in u caused by the Balmer decrement.
Suitable parameters to measure the extent of the Balmer discontinuity and the
line blocking respectively are introduced by the color di↵erences
c1 = (u  v)  (v   b) (12.1)
m1 = (v   b)  (b  y) (12.2)
where c1 is often referred to as the Balmer discontinuity index, and m1 as the
metallicity index.
Usually not the single magnitudes in each filter are published, instead the quanti-
ties y, b y, c1,m1 are listed. These parameters are a measure of apparent magnitude,
color temperature, luminosity and metallicity, respectively (Budding and Demircan
2007). In practice however m1 is related to the stars on a calibrated ZAMS (or in the
Hyades star cluster). This di↵erence then can be used as a measure of metallicity.
The reasons for these indications can be visualized by investigating the spectral
energy distribution of stars with di↵erent e↵ective temperature. This is shown in a
schematic fashion in the left hand panel of Fig. 12.1 where the shape of the spectrum
clearly changes with spectral type. It is evident that the c1 parameter depends on
the magnitude of the Balmer decrement. The m1 index, depends on how strong the
absorption features of a star are, and also measures the “curvature” of a spectrum.
It therefore is an indicator for line blanketing.
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Fig. 12.1: Schematic view of the uvby  system and its advantages over the Johnson UBV system.
The left hand panel shows the relative fluxes of five dwarf stars with di↵erent spectral type as a
function of wavelength (data from Pickles (1998)). Several features obviously depend on the type
of star such as the Balmer decrement and line strength. Stro¨mgren photometry can be calibrated
to give a good estimate of several parameters of a star, such as its surface gravity and e↵ective
temperature. The bottom right panel shows the H ,n, and H ,w filters which can be used for
additional deduction of stellar parameters and also to de-redden the measured colors. The  
parameter (see text for definition) is especially useful since the reddening of these two bands cancels
and is sensitive to various physical conditions. The top right panel shows again a schematic view
of the spectrum of an A2 star overlaid by the approximate bandpasses of the Johnson U , B, and V
filters. The hatched areas are those where the filters approximately overlap and demonstrate that
some important features cannot be determined to a su cient accuracy with this system. Note that
the lines in the left hand panel indicate only the positions of the uvby filters and do not represent
their bandpasses.
Introducing another parameter into the system helps in obtaining further astro-
physical quantities. The   parameter consists of individual measurements with two
narrowband filters whose transmission curve is centered approximately on the H 
line. The properties of these filters are listed in Tab. 12.1 and a schematic view of
them is shown in the bottom right panel of Fig. 12.1.
The parameter   = H ,n  H ,w 6 is essentially reddening free since the e↵ective
wavelengths of the filters are about the same and consequently are a↵ected by the
same amount of reddening which cancels out in the calculation of the color. As a
consequence color excesses can be determined, thus also distances.
Both filters combined, having a di↵erent width, are a direct indicator of the
6The n and the w in the filter designation denote “narrow” and “wide” respectively.
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strength of the H  line. Since the Balmer discontinuity and the H  line are strongest
for spectral type A0-A3, the indices of the Stro¨mgren system trace di↵erent charac-
teristics for di↵erent classes of stars. For early type stars (which are most important
in this thesis) the   parameters is an indicator of surface gravity, whereas for late
type stars it is shown to correlate with e↵ective temperature (Golay 1974). The
Balmer discontinuity index on the other hand is a useful indicator of e↵ective tem-
perature for early type stars and can be used to determine surface gravity for late
type stars.
To be able to apply Stro¨mgren photometry on entire groups of stars, the pa-
rameters need to be calibrated by examining standards and (or) employing more
sophisticated techniques (e.g.: high resolution spectroscopy and subsequent line fit-
ting). Once all parameters are well calibrated it is possible to obtain relatively well
determined values for other stars in a more or less simple fashion.
For this work the parameters Te↵ , log g, and the stellar luminosity L have been
derived using existing uvby  photometry obtained by di↵erent people. These are:
Balona and Laney (1995), Shobbrook (1983), Crawford et al. (1971), and Perry et al.
(1991). The calibrations employed are those by Napiwotzki et al. (1993). Based on
the absolute visual magnitude resulting from the procedure and using interpolated
bolometric corrections from Flower (1996) the luminosity of a star can be calculated
via
BC = Mbol  MV (12.3)
Mbol = Mbol,    2.5 log
✓
L
L 
◆
(12.4)
where BC is the bolometric correction and Mbol,  is the bolometric magnitude of
the Sun which amounts Mbol,  = 4.74 according to Cox (2000).
The e↵ective temperatures, surface gravities and luminosities can be used to
position a star in a theoretical HR diagram and therefore can aid in the determination
of the type of pulsator. For some stars however, this calibration is not possible,
i.e. stars which exhibit emission features or are peculiar in other chemical aspects.
Attention has been paid not to mistakenly include such a star in the calculations.
Also very important when placing a star inside a theoretical HR diagram is the
inclusion of errors in both e↵ective temperature and luminosity. Since no single mea-
surement errors for the photometry were available and also since it was not possible
to include the systematic errors of the calibrations, the errors were estimated by
calculating the stellar parameters with di↵erent sets of photometric indices. Hence,
for all stars, for which photometry from at least three di↵erent sources was available,
the calibration was performed and the standard deviation of the results was taken as
a first estimation of the error and amount  log Te↵ = 0.019 dex,  log LL 
= 0.17 dex and
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 log g = 0.32 dex. Hoping to include also systematic errors, the values were rounded
up and finally were set to  log Te↵ = 0.02 dex,  log LL 
= 0.2 dex and  log g = 0.35 dex.
These error bars are displayed in the theoretical HR diagrams in the bottom left
corner and should be viewed as an indicator of the uncertainty, but not as absolute.
12.2 Frequency Analysis
The data reduction as described in the previous chapters resulted in light curves
of stars showing their apparent brightness changes over a certain period of time.
For variable and especially pulsating stars the shapes of these variations can be
characteristic for a particular type of pulsator. For these stars often the light curve
modulation is described by multi-periodic variations whose components need to be
separated.
In any case, the method used to analyze light curves should always be adapted
to the nature of the light curve itself. In the case of pulsating stars it is often
convenient to employ methods which are based on Fourier transforms since many
periodicities exhibit a sinusoidal variation pattern. For phenomena like eclipsing
binaries or transiting exoplanets whose characteristic light curve shape significantly
di↵ers from such a pattern other methods must be used.
It the case of the pulsating stars discussed in this work, the analysis can be
done by employing such Fourier methods. Some eclipsing binaries however have to
be treated separately and a discussion is left to the sections where these particular
objects are discussed. In all other cases the frequency analysis has been performed
with Period04 developed by Lenz and Breger (2005) which is based on Fourier meth-
ods and subsequent least squares fitting. A brief introduction into the principles
of the Fourier method followed by the description of the approach how frequencies,
amplitudes and phases are determined will be the focus of this section.
12.2.1 The Fourier Method
The Fourier method is based upon the assumption that a multi-periodic function
can be described by the superposition of sine (cosine) functions with individual
frequencies, amplitudes and phases. The Fourier transform F (⌫) of a function f (t)
is given by
F (⌫) =
Z +1
 1
f (t) e2⇡i⌫t dt (12.5)
Using the complex number annotation a sum of sine waves f (t), consisting of n
components, which are split up into a real and a imaginary part (which in turn have
a phase shift of ⇡2 ), can be written as
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f (t) =
nX
j=1
Aj · e2⇡i⌫kt (12.6)
When transformed into Fourier space the values of the function are only di↵erent
from 0 for values ±⌫1, . . . ,±⌫k, which makes it a very convenient tool for frequency
analysis. However, this only applies for an infinite, noiseless time series and a contin-
uous Fourier transformation. For real life data, however, where only discrete values
and often large gaps in the data are present, this approach is not possible. A solution
to this problem was introduced by Deeming (1975), the Discrete Fourier Transform
(DFT) FN :
FN (⌫) =
NX
j=1
f (ti) e
2⇡i⌫ti (12.7)
The evaluation of this expression for each data point and a set of trial frequencies
results in a function reaching a maximum for the particular test frequency which
contains the most energy (|f(t)|).
A plot of this function versus the test frequencies is called a periodogram and is a
very important tool in signal analysis. The periodogram can be calculated simply by
evaluating equation 12.7 which results in a set of coe cients for each trial function
with a certain frequency. These coe cients consist due to the nature of the Fourier
Transform of a real and an imaginary part. To visualize the results, often |FN (⌫)| is
calculated and displayed. The classical Periodogram introduced by Schuster (1898)
is then given by
PN (⌫) =
1
N
|FN (⌫)|2, (12.8)
but a more suitable approach is to convert these values into an approximation of
the amplitude of a signal which can be done with A (⌫) =
q
4PN (⌫)
N or more straight
forward
A (⌫) =
2
N
· |FN (⌫)| (12.9)
This approach however, is only valid for N ! 1, therefore - for a large data
set - this is a good approximation. A plot of A (⌫) versus the test frequencies is
called an amplitude spectrum. In this work however, the terms periodogram and
amplitude spectrum are both used to describe the same function since in essence the
information they present is equal.
Several characteristics have to be considered when using this method. Due to the
nature of real data sets the true frequencies in the data are not represented by single
peaks in Fourier space as is the case with infinite noiseless data. A data set which
exhibits large gaps due to, e.g. breaks in the observations during daytime, can also
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be fit very well with frequencies of the form f ± 1 c/d, f ± 2 c/d and so on, where f
is the true frequency. This characteristic can be visualized with the spectral window
WN =
1
N
NX
i=1
e2⇡i⌫ti (12.10)
This is a very convenient tool since the shape of the DFT can be described as
the convolution of the spectral window with the frequencies in a data set.
The noise introduced by photon statistics, gain variations, imperfect di↵erential
photometry, and other sources make an accurate analytical description very di cult.
Other contributors than white noise (which has a flat spectral density distribution
due to its purely statistical character) can e.g. be trends in the light curves intro-
duced by o↵sets in the zero point on di↵erent time scales. Furthermore, the approach
described here is based upon the assumption that the contained signals have varia-
tions which can be described by a sinusoidal shaped function. Due to the nature of
stars (e.g. non-spherical symmetry in stars due to rotation), however, many periodic
variations are not well represented by such forms. Nonetheless, any given light curve
can be fitted with su cient accuracy by using a series of harmonics on top of a base
sine function with frequency ⌫b, i.e.: 2⌫b, 3⌫b, . . . These harmonics, however do not
represent real excited frequencies, but are a result of the non-sinusoidal shape of the
light curve.
Another point which is important to mention here is that accompanied by the
method of the DFT and the periodogram is the loss of information of the phases.
Period04 o↵ers the possibility to perform a Least-Squares analysis of the data by
fitting the determined frequencies and amplitudes to the observed data set. Such a
multi-periodic fit takes the form
f (t) = f0 +
nX
j=1
Aj · sin (2⇡ · (⌫jt+  j)) (12.11)
where ⌫j, Aj, and  j denote the frequency, amplitude, and phase of the j-th
component in this fit. ⌫j and Aj can be determined by the Fourier method, the
phase, in contrast, is solely obtained by least squares fitting. f0 denotes the zero
point. Note that this notation apart from the zero point and the phase shift is equal
to equation 12.6, where the complex and real parts of the function together form the
final sine wave.
Since the periodogram for a real life data set contains information on all sorts of
variability, including noise, it is important to define a criterion upon which detected
signals are deemed significant. This is done with the signal to noise ratio of a
particular frequency in the amplitude spectrum (this quantity is also denoted SNR,
but it is not to be confused with the SNR of light detection with a CCD). The SNR
of a frequency is calculated by dividing its amplitude by the mean amplitude in a
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box of given size centered on the feature. Following Breger et al. (1993), if the SNR
was greater or equal 4, a frequency was classified as significant and attributed to an
intrinsic change. In all cases the box size for the calculation was chosen to be 2 c/d.
12.2.2 Identification of Frequencies, Amplitudes and Phases
The frequency analysis was carried out with Period04, a program which allows fre-
quency search on the basis of the Discrete Fourier Transform and subsequent least-
squares fitting of the determined multi-periodic function to obtain accurate values
for the amplitudes and phases of the individual contributing components.
The workflow in frequency determination it relatively complex and cannot be
listed in a sequence since a subsequent step in this analysis depends on the previous
steps and requires careful examination of the amplitude spectra, the data set and
the calculated fits. However, a general outline can be given, but special steps during
the analysis of a variable star will be mentioned in the sections where this particular
object is discussed.
The first step in the frequency analysis with Fourier methods was to examine the
data set itself. Due to the drift in the telescope pointing during a night it happened
quite frequently that stars close to the edge of the frame drifted o↵ the image. The
value for the magnitude of the star in such an image is flagged by a large number,
i.e. 10000. These data points are then removed within Period04. Furthermore,
since the stars drifted slowly o↵ an image in the majority of cases, the corresponding
magnitude of a drifting object increased as it slowly disappeared from an image. If
such an increase was visible, the related images were checked whether this change
was due to a drift or an intrinsic variation (e.g.: eclipse). Data points belonging to
the former group were removed as well.
The second step consisted of visually examining the light curves. Thus a first
approximation was possible where in the calculated amplitude spectrum intrinsic
variability should be located. Furthermore any low frequency variation possibly due
to o↵sets could be detected as well.
The next step was to calculate a spectral window. Since the light curves varied
from star to star and also from filter to filter, a change in the spectral window with
respect to these parameters was expected but was only minimal. Therefore, in case
of the B and V data the spectral window featured the same characteristics for almost
all stars. Only in U , where for many cases large parts of the light curve had to be
deleted, the spectral window was examined more closely for individual stars.
As a first result the amplitude spectrum of the (still unadjusted) data set was
calculated and inspected. If a low-frequency variation (of the order of the length
of the entire run or individual months) was visible and if it contaminated other
possible oscillations an adjustment of the data set was carried out. Depending on
the expected time scales of the intrinsic variations this was done either on a daily
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or monthly basis. The resulting adjusted data set was analyzed in parallel with the
original data set, in order not to confuse alias signals. In the case of at least two
equally strong peaks in the amplitude spectrum the one showing the higher excess
power in the original data set was chosen for further analysis.
If a frequency in these data sets had a SNR > 4 it was deemed significant and
included in the calculations. With the frequency and amplitude determined through
the Fourier method a least squares fit (see equation 12.11) was calculated to improve
the amplitude value and also to determine the phase of the oscillation. This was also
done separately for both adjusted and original data.
Subsequently, the fit was subtracted from the according data set, a process called
prewhitening. The residuals were then subject to the same analysis as the data before
and the procedure was repeated until no frequencies with a SNR > 4 were left in the
data. The entire routine was employed for every variable star which was suspected
to be a pulsator.
If an adjustment was carried out, the values for the amplitudes were taken from
these data since the original light curves were likely to overestimate this value. Fur-
thermore, in all cases the values for the frequencies were taken from the V data since
throughout the analysis this set was considered to feature the smallest o↵sets and
errors. Also, for   Cephei and SPB stars where no significant phase variations were
expected and the di↵erences were found to be within the error bars, also the values
for the phases were determined from the V data.
12.2.3 The Spectral Window
For the analysis of the amplitude spectra it was important to be familiar with the
characteristics of the spectral window and specifically to know how strong particular
aliases become. A spectral window folded with an artificial frequency at 10 c/d
is shown in Fig. 12.2. The amplitude was normalized to 1 in order to make a
comparison of the strength of the di↵erent alias features possible. The graph was
calculated using cleaned (in the sense of removed outliers) data of star SBL0303.
The quality of the light curve for this particular star is above average and it was
chosen to demonstrate the most important features of the spectral window and the
limits of the DFT. The data in U in principle show the same characteristics but with
worse aliases since many data points had to be deleted for some stars.
Visible in the figure are several important facts which need to be kept in mind
during the data analysis. The bottom figure shows the general shape of the spectral
window with the typical 1 c/d aliases for single-site observations indicated with the
red marker. The strongest aliases at ± 1 c/d reach slightly above 80% of the central
peak whereas the aliases at ± 2 c/d barely exceed 40% and therefore do not represent
a significant contamination.
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Fig. 12.2: Spectral window for a typical data set folded with an artificial frequency at 10 c/d.
Visible are several characteristics of the data set including aliases produced by daily (red marker)
and monthly (blue arrows) gaps in the observations. The amplitudes were normalized to the
strongest peak in the spectrum with amplitude A0. For a more detailed discussion refer to the text.
The top panel is a zoom into the bottom graph to visualize further properties.
Again visible is a 1 c/d alias marked red. Moreover, since the single observing runs
were conducted each about a month apart, further aliases show up representing these
gaps indicated with the blue arrows. The strongest aliases caused by these monthly
breaks reach about 93% of the strongest signal (marked with the dashed horizontal
line) which makes it particularly hard to pin down an accurate frequency solution.
The region marked in blue denotes the size of the envelope of the monthly aliases
which represents the length of a run in one month (which is about 5 days). Likewise,
the envelope of the features in the bottom panel represents in principle the length of
a single night. However, since also in these single nights many gaps in the data are
present (e.g. due to clouds) and the length of single nights varies, this envelope is
not an ideal representation of this particular characteristic, but marks an “e↵ective”
average night length.
In addition, the width of one single peak is given by 1 T with  T indicating the
length of the entire run. Considering all these features, it is important to be aware of
errors caused by these aliases. For data where for a particular frequency two peaks
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had about the same power always the one which minimized the residuals was chosen.
12.3 Mode Identification
In this thesis and in all cases where mode identification took place the software
FAMIAS (Frequency Analysis and Mode Identification for ASteroseismology) devel-
oped by Zima (2008) has been used to extract the theoretical amplitude ratios for
di↵erent stellar models. FAMIAS requires the selection of various parameters for the
calculation of the output grid. The stellar parameters Te↵ , log g and the mass of the
object are determined from Stro¨mgren photometry and comparison with previous
results. Furthermore, the metallicity had to be pre defined which is - in the case of
cluster stars - a solvable problem. Pamyatnykh (1999) showed that in their models
the   Cephei stars only fall into the instability region when they increase the metal-
licity to Z = 0.025   0.03. FAMIAS requires the input of the metallicity defined
as hm
H
i
= log
✓
Nm
NH
◆
?
  log
✓
Nm
NH
◆
 
(12.12)
where Nm and NH are the number of metals and hydrogen atoms per unit volume.
The value of Z = 0.025 translates to about
⇥
m
H
⇤
= 0.3. During the mode identifica-
tion several iterations revealed that choosing di↵erent metallicity as input did only
insignificantly change the amplitude ratios of the excited modes and therefore was
not considered crucial for the determination of the spherical degree for a given oscil-
lation. In all cases Kurucz atmospheres where used (Kurucz 1979) in combination
with pulsation models using OP opacities (Seaton 2005).
The computed amplitude ratios were then compared to the observed values, both
visually and by calculating the  2 statistics as defined in Equ. 2.7. In many cases,
however, the amplitudes of the oscillations are only of the order a few mmag, giving
rise to relatively high errors in the amplitude ratios so that only constraints can be
set and no definite classification can be given.
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Part IV
Results
In this part of the thesis all identified variable stars in the field will be discussed.
For each variable star an individual description of the data analysis, the determined
frequencies and implications for the type of pulsator will be given. The first major
section will discuss the already known variables in the cluster, both confirmed and
candidate pulsators starting with a short summary of previous results. The second
major section describes the newly detected variable stars in NGC 6231. The third
and last part is a discussion of the results for stars which are either not members of
NGC 6231 or stars for which no membership information is available.
13 Already Confirmed and Candidate pulsating
stars in NGC 6231
13.1 Summary of previous Results
Variability studies in NGC 6231 have been carried out by di↵erent work groups
starting in the late 1970’s with the detection of a   Cephei pulsator by Shobbrook
(1979) and ending with the study by ASK01. To this end six   Cephei stars are
confirmed pulsators, five more are candidates. BL95 discovered a foreground   Scuti
variable and also reported a possible cluster member of this type. The largest step
forward in the search for variable stars has been made by ASK01 who report 17 newly
detected variables, including three SPB candidates. Most of these stars, however, are
faint pulsators and are hard to investigate with the data at hand and moreover their
discussion is based only on one filter leaving many variables as candidate pulsators.
Several additional sources focus on the study of binaries in the cluster (e.g. LM83,
Ra96, GM01).
13.2   Cephei Stars
According to SH05, six stars are confirmed   Cephei pulsators in NGC 6231, five
more are candidates. The classification scheme SH05 adopted was a compromise
between firm observational evidence (mode identification which is not available for
most members) and more easily observed parameters such as the pulsation constant
Q and additional clues as evidence for multi-periodic variations which are separated
from possible binary or rotationally induced e↵ects and the locus in the HR diagram.
The pulsation constant Q will only play a minor role in the following classifications
because its determination rests upon calibrated parameters from intermediate band
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photometry which in turn is accompanied by non negligible errors. Multi periodicity
and amplitude di↵erences are considered to be more reliable indicators for pulsation.
All observables will be considered and discussed in light of the new data in the
sections of individual stars.
Fig. 13.1 shows the positions of 10 out of the 11, both confirmed and candidate,  
Cephei stars in the theoretical HR diagram as calculated from Stro¨mgren photometry
of PHC91 and BL95. The remaining star, SBL0113, is a special case for which the
calibration could not be performed.
All figures featuring a HR diagram show evolutionary tracks computed with the
Warsaw-New Jersey stellar evolution code described in Pamyatnykh et al. (1998).
It uses OP opacities (Seaton 2005) and the Asplund et al. (2004) chemical element
mixture. The parameters included an overall metal abundance of Z = 0.012 and a
hydrogen abundance of X = 0.7. Further constraints feature a rotational velocity of
100 km/s at the ZAMS and convective core overshooting was not used.
Accurate frequency solutions down to the detection limit are very di cult with
the data at hand due to various reasons. The major challenge in pinning down a
solution are the relatively small amplitudes. To classify a star as   Cephei variable
it is important to detect as many independent oscillations as possible. However,
for all five candidate stars the amplitudes of the strongest frequencies barely exceed
2 mmag. The second di culty in determining the frequencies lies in the large lumi-
nosities of the   Cephei variables. Though not overexposed in the data, significant
halos around the stars are visible in the images and their PSFs often merge with
other stars which makes PSF fitting and precise photometry very di cult.
All stars will now be discussed individually following the numbering of SBL98.
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Fig. 13.1: The positions of all known stars in NGC 6231 which show   Cephei type variability
as calculated from Stro¨mgren photometry. All stars belonging to this group except SBL0113 are
included in the diagram for which no calibration was attempted due to its possible nature as Be
star. The stars are separated into two groups as given in SH05: Confirmed (red triangles) and
possible (blue triangles)   Cephei variables. All calibrations were done with photometry from
PHC91 with the exception of SBL0515 for which data from BL95 were used. This star is indicated
as light blue triangle (the one which can be found above the TAMS). Also indicated are the  
Cephei instability strip (dashed line), the SPB instability strip (dash-dotted line), the Zero Age
Main Sequence (ZAMS) as full slanted line and evolutionary tracks for di↵erent stellar masses in
terms of solar masses as indicated at their origin on the ZAMS. In the lower left corner an estimation
of the errors of the calculations is given.
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13.2.1 SBL0113
This star is classified as a possible   Cephei pulsator by BE85 and according to
RCB97 is a member of NGC 6231. Furthermore this target is listed as a B1.5 Ve star
by LM83 which also harbors a shell, whereas PHC91 on the other hand list it with
spectral type B0.5 IV without peculiarities. In light of the di↵erent classifications
it is interesting to take a closer look at the measured   index from di↵erent sources
since this value can o↵er valuable clues to identify a star showing emission features.
Both Sh83 and PHC91 list unusually low   indices for this spectral type pointing
indeed towards H  emission. On the other hand, SG05 carried out a search for Be
stars in southern open clusters and do not mention any unusual emission features for
this star. As a consequence of the unknown nature of this star it was not included
in the calibration of e↵ective temperature and luminosity.
In order to investigate the possible presence of a dust shell the spectral energy
distribution of this star has been checked. If a dust shell, which is cooler and more
expanded than the star, indeed exists it should produce an IR excess. For this
reason, the UBV data from SBL98, the 2MASS observations in the IR bands JH
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Fig. 13.2: The spectral energy distribution for SBL0113 for both original data (open circles)
and extinction corrected data (full circles). The colored curves represent scaled blackbodies with
di↵erent temperatures. The error bars are not shown since in this logarithmic plot are found within
the size of the data points. Well visible is the trend of the spectrum following a standard blackbody.
Therefore, no IR excess is detected and also the possibility of a present dust shell around the star
is ruled out. Note that the data for the 4th WISE band at 22 µm were not included since the star
is not visible in the corresponding image. Also note that the Planck functions have been scaled to
fit the data only to show a blackbody-like energy distribution and no statement is made about the
actual temperature of the star.
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and Ks and the newly released WISE data (Wright et al. 2010) provide an excellent
coverage of the spectrum. Fig. 13.2 shows the converted fluxes for SBL0113 for both
the original data and an extinction corrected set. The magnitudes were converted
into fluxes with the zero points from Cohen et al. (2003), Cox (2000) and Cutri et al.
(2011) and the extinction correction featured results from the same sources including
also SBL98. Very well visible is the good match to the blackbody curves, following
the standard Planck formula, clearly showing no IR excess and suggesting that the
dust shell was a misinterpretation.
So far variability studies were only performed by BE85 themselves since SBL0113
lies outside the field of view of the observations presented in ASK01. They found
variability in the range 11   11.5 c/d with amplitudes barely exceeding 1 mmag,
but were not able to present significant frequencies. Moreover, they reported a
slower superimposed variation pattern but also here they did not come to a definite
conclusion. Based on these vague results BE85 consider this star to be a   Cephei
variable.
The frequency analysis with the data presented in this thesis did not result in
one single significant peak. However, the light curve and the periodogram, shown
in Fig. 13.3 for data taken with the B filter, clearly reveal variability. Both the
light curve and the amplitude spectrum suggest frequencies around 3 c/d, where the
largest peak is found at 3.44 c/d. Furthermore, even variability on longer time scales
with periods > 1 d is indicated. No evidence was found that this object shows faster
  Cephei type pulsation as suggested by BE85. Considering that the noise level in
this data set is larger than the suggested amplitudes of the fast oscillations, this does
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Fig. 13.3: Light curve and amplitude spectrum of SBL0113 in the B passband. Variability
is clearly visible throughout the entire run, but no frequency was found to be significant. The
strongest reliable signal lies at 3.44 c/d and no evidence could be found for more rapid variability
as suggested by previous studies.
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not falsify the conclusions of BE85.
SBL0113 clearly is a variable star, as readily shown by the light curves. Whether
this stars shows   Cephei pulsations could not be resolved and therefore this star
must remain a candidate until future observations shed light onto the nature of this
very interesting target.
13.2.2 SBL0226
Ba83 was the first to detect the   Cephei nature of this star with a period of 0.07 d
and according to both RCB97 and BVF99 it is a cluster member. PHC91 and GM01
list this object as a binary with equal B1 V components.
The stellar parameters were derived using Stro¨mgren photometry from PHC91
and suggest a very massive star as also visible in the bottom right panel of Fig. 13.4.
In contrast to RCB97 and BVF99, RM98 do not list this star as a binary and found
a mass of 11.62M .
Dedicated variability studies have been carried out by BS83 and ASK01. Both
find three frequencies, but of these only one matches exactly and another one can be
explained by an alias.
BS83 explicitly mention a remarkably simple frequency spectrum, a situation
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Fig. 13.4: Selected samples of the data and results for SBL0226. The multiperiodic fits and the
amplitude spectra are altogether based on original data since three significant frequencies could be
found in the domain where adjusted data would have corrupted the analysis. Well visible is the
bad fit in U and the big gaps in the light curves due to the necessary data cleaning. Since SBL0226
is considered as possible binary, the photometrically derived luminosity and e↵ective temperature
should be viewed only as an indicator where this star is located in the HR diagram.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 0.7017 15.0 9.0 7.5 7.02
f2 14.9098 7.6 5.6 5.8 11.48
f3 2.4242 - 3.9 4.4 5.1
f4 2.6579 - 4.5 3.4 3.96
f5 17.2502 - 1.2 1.7 4.4
Tab. 13.1: Multi-frequency solution for SBL0226. Note that f4 is slightly below the SNR threshold
in V . This frequency also showed up as an alias at 1.66 c/d, but was much more significant in B
as a 2.66 c/d oscillation and therefore was included in the list. Also note that due to the bad data
quality in U only the amplitudes of two frequencies could be determined reliably. The errors in
frequency determination range from  f1 = 0.0003 c/d to  f5 = 0.0013 c/d, whereas the uncertainty
in the amplitudes amount  B,V = 0.3 mmag and  U = 1 mmag.
which was not reproduced with the new data. Even though (or because) this is
one of the brightest variable stars in the field, the light curve exhibits significant
scatter and shows lots of bad data in the U filter. A frequency analysis immediately
revealed two dominant oscillation modes at f1 = 0.7 c/d and f2 = 14.91 c/d. f1
does not resemble a typical frequency produced by o↵sets in the data (meaning that
it has not been observed in other bright stars) and furthermore represents an alias
found by ASK01. The daily alias which was found by them at 1.7 c/d exhibits a
significantly lower power in both V and B and therefore was rejected. f2 matches
with the data from ASK01 and BS83 perfectly.
For the remaining detected oscillations significant aliasing and also di↵erences
between V and B arise, therefore these should be considered with some caution: f4
for example is also visible as an about equally strong  1 c/d alias in V , but the B
light curve was significantly improved with the chosen value. For f3 an alias of 2f1
was considered but since there is no signal at the exact position and the amplitude
is by far largest at the given value, f3 is considered as an independent oscillation.
The data in U were checked and cleaned manually from bad points and revealed
only two of the in total five detected oscillations. However, since all the amplitudes
were derived using non-adjusted data and many other stars are characterized by
zero-point variations especially in U, also the amplitudes here should be viewed as
preliminary results. Fig. 13.4 visualizes this problem by showing the calculated
multiperiodic fit for the original data set. In B and V the fits match the light curves
considerably well, in U , however, not.
Considering the results, multi-periodicity and clear amplitude di↵erences support
the picture of   Cephei pulsator.
Due to the possible binary nature it is very di cult to constrain the underly-
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Fig. 13.5: The left hand panel shows observed and theoretical amplitude ratios for the oscillation
with frequency f2 = 14.9098 c/d of the star SBL0226. Indicated is the average of all excited models
with 15 M  of radial modes (full line), dipole modes (single dashed), quadrupole modes (dotted),
octupole modes (dash-dotted), and l = 4 modes (dash-double-dotted). The grey areas mark the
standard deviation of the mean calculated for all excited models in the error box of Te↵ and log g.
The corresponding  2 statistics calculated from the average value as defined in Equ. 2.7 is shown
in the right hand panel and points towards an l = 0 nature for this oscillation.
ing modes of the detected oscillations. Since SBL0226 seems to consist of two stars
equal in spectral type, the amplitude di↵erences in the passbands should not be
much a↵ected if the pulsations originate from just one component. For the stellar
mass of about 12 M , as derived by RM98 no model showed pulsational instability.
For a mass of 15 M , as indicated in the HR diagram in Fig. 13.4, several models
showed oscillations. However, for f1 no ideal match was found since too many modes
were excited simultaneously so that the error regions for individual spherical degrees
overlapped and consequently made it impossible to identify the mode. However,
considering the oscillation frequency (f1 = 0.7 c/d) only a non-radial pulsation is
possible since l = 0 modes altogether exhibit faster variations. For f2 the relative
errors are larger compared to f1 since the amplitudes are smaller, but here a dis-
tinction is possible. Fig 13.5 shows the amplitude ratios on top of a comparison
with theoretical predictions as well as the  2 statistics for the individual spherical
degrees. Due to the large errors no definite conclusion can be given, but most likely
is a radial mode. An oscillation with l = 3 or 4 can be excluded considering the large
di↵erences between observations and theory.
For the remaining detected frequencies no identification is possible since their
amplitudes in U could not be derived reliably.
In light of the results from the frequency analysis and the calibration of e↵ective
temperature and luminosity, SBL0226 can be considered as a candidate for a  
Cephei/SPB hybrid. The strongest evidence for this conclusion is found in the clear
presence of both rapid and slower variability.
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13.2.3 SBL0268
Initially suspected to be a   Cephei variable by Ba83, it was soon confirmed by BE85
that this star indeed is a member of that class. LM83 list this star as a double-lined
spectroscopic binary consisting of two equal B2 V components. However, RM98
classify it as a single object. They derived the multiplicity status of selected stars in
NGC 6231 by using radial velocity studies from Ra96, PHY90 and even data from
LM83 who initially concluded that this star is a binary. Both BVF99 and RCB97
arrive at the conclusion that SBL0268 is a member of NGC 6231.
To determine e↵ective temperature and luminosity, Stro¨mgren photometry from
PHC91 was used which places it in the   Cephei instability region as visible in the
corresponding part of Fig. 13.6.
Variability studies have been carried out by BE85 and ASK01. ASK01 found
just one match with the older investigation at 8.4 c/d and an additional frequency
at 2.6 c/d. The data from BE85 yielded evidence for three significant frequencies
and also report the possible presence of long period variability.
During this work three frequencies were detected above the adopted SNR thresh-
old, two of them (f1 and f2) an exact match with BE85. Apart from the slower
variability, the third frequency of BE85 is also present as an alias at 7.27 c/d but
only reaches significance if one looks at a daily adjusted data set in V . In order
to determine any low frequency variability as mentioned by BE85, the more rapid
  Cephei signals were subtracted from the original data set. This led to a residual
light curve which was dominated by variations of the order of the length of the run
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Fig. 13.6: Some plots for SBL0268, including the daily adjusted amplitude spectrum in V , the
residual amplitude spectrum after subtracting three frequencies, two examples of the light curves
covering each a single night and the position in the HR diagram. The multi-periodic fit is not
shown since the frequency solution does not match the data very well, clearly indicating an imper-
fect solution with remaining undetected oscillations. Note that the small amplitudes towards low
frequencies are caused by the adjustment of the data.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 8.3847 - 5.5 4.7 10.17
f2 12.9891 - 2.3 2.0 6.27
f3 7.2748 - 1.3 1.8 4.1
Tab. 13.2: Significant frequencies for SBL0268. f1 and f2 are well visible in both B and V , f3
is only above SNR = 4 when the light curve is adjusted on a daily basis. The data quality in U
is again very low, even the strongest signal is barely visible for an adjusted data set and does not
exceed the SNR threshold. A visual inspection of the light curve reveals the presence of a frequency
in the < 1 c/d region. In the periodogram a signal is visible at 0.38 c/d, the same value which was
suggested by BE85, but unfortunately the data do not su ce to reliably detect an oscillation at this
level for this star. The errors range from  f1 = 0.0004 c/d to  f3 = 0.001 c/d for the frequencies
and amount  B,V = 0.2 mmag for the amplitudes.
making it very di cult to detect any low frequency modulation. A peak in the am-
plitude spectrum is visible at 0.38 c/d where BE85 suspected a signal but it is not
significant. Furthermore, the residual amplitude spectrum visible in the top row of
Fig. 13.6 suggests the presence of additional variability at about 10 c/d.
In U the data are extremely unreliable for large parts, only f1 with an amplitude
> 5 mmag comes close to the SNR threshold, but does not exceed it. The values for
all significant frequencies are listed in Tab. 13.2.
The possible binary nature of this star may be responsible for the complex struc-
ture of the light curve and periodogram, making it di cult to determine intrinsic
pulsation and reliable amplitudes. Clearly this star is multi-periodic and shows am-
plitude di↵erences confirming pulsations and the membership in the   Cephei class
of variables.
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13.2.4 SBL0303
The star SBL0303 has been classified as a   Cephei pulsator as early as 1983 by
Ba83. Its spectral type is listed as B2 IV-V by PHC91 and it is classified as a
member by both BVF99 and RCB97. Ra96, RM98, and GM01 consider this star as
a binary but no definite conclusion has been drawn so far since too few spectroscopic
measurements are available.
For this star Stro¨mgren photometry is available and therefore it can be placed
in a theoretical HR diagram which is shown in Fig. 13.7 and positions it in the  
Cephei instability domain. Since this star is a possible binary, the position has to be
considered with caution. RM98 find two components with masses of 8.8 and 1.7M 
respectively.
SBL0303 has been subject to variability studies by BS83 and ASK01. Comparing
their work, the rapid   Cephei pulsation frequencies match relatively well, however,
both find evidence for superimposed slower variability, but here the results di↵er.
The present data reveal a complex picture: The multi-periodic oscillation spec-
trum at higher frequencies is recovered and also clear signs of variability on longer
time scales are present. The data however su↵er from zero point o↵sets between the
individual nights and months. No peak in the regime < 1 c/d is deemed significant
with the adopted SNR threshold criterion. Therefore no statement can be made
whether this is due to zero point variations or indeed intrinsic.
To determine reliable amplitudes which do not su↵er from o↵sets and extrinsic
long term variability, an adjustment on daily basis took place to study the more rapid
  Cephei pulsations. The Fourier analysis resulted in six independent oscillations.
ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 10.1225 15.5 12.1 11.1 31.93
f2 10.991 6.2 4.4 3.6 12.46
f3 10.5106 3.4 3.9 4.3 10.26
f4 11.6904 5.4 4.3 3.8 10.64
f5 12.045 - 2.3 1.8 6.85
f6 11.902 - - 1.5 4.72
Tab. 13.3: Multi-frequency solution for SBL0303. The errors in the frequencies range from
0.0002 c/d for those with the largest SNR up to 0.002 c/d for f6 in U. Formal errors in the
amplitudes are  U = 0.5 mmag,  B = 0.2 mmag and  V = 0.2 mmag. The SNR is given for V
only. Note that f6 is only above the S/N threshold in V , f5 only in B and V but not in U . All
other frequencies were significant in each filter.
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Fig. 13.7: Exemplary data for SBL0303. The top row shows amplitude spectra for an adjusted
data set (left panel) and after two prewhitening steps (central and right panel). The low frequency
region is not shown since it is corrupted as a result of the adjustment. The light curves show
data in all three bands and the calculated multi-periodic fit. Note the imperfect fit to the U data.
Considering the results of RM98 who determined SBL0303 to be a binary composed of a 8.8 and
1.7 M  component, this should not introduce a large systematic error in the calibration of the
stellar parameters.
These results agree very well with those of BS83, which is interpreted as a good sign
for the quality of the data since BS83 organized a multi-site campaign and therefore
su↵ered much less from aliasing. All frequencies except the long period variation are
reproduced either exactly (f1, f4, f5) or can be explained with a monthly ±0.03 c/d
alias when compared to the BS83 data set (f2, f3). In the latter cases the aliases were
examined and rejected because (a) each of them had a significantly lower amplitude
and (b) the residuals of the fit also increased when these were chosen.
The same is true for a comparison with the results of ASK01: low-frequency
variations were not matched but the others match exactly (f1, f2) or can be explained
with a daily alias (f3, f4). Within the errors also the amplitudes match with those
from BS83 except f5. The weakest signal detected here at 11.902 c/d, which reached
a SNR > 4 only in V, has not been found before.
Tab. 13.3 lists the frequencies, amplitudes, and the SNR for the detected oscilla-
tions. Data of four nights, the multi-frequency solution, resulting amplitude spectra
and the location in the HR diagram of SBL0303 are shown in Fig. 13.7. All evidence
taken together the analysis clearly confirms the   Cephei nature of SBL0303.
Using the amplitude values in the di↵erent filters it is possible to constrain the
underlying modes of the oscillations. This was done for the oscillations f1 through
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Fig. 13.8: Observed and theoretical amplitude ratios for the frequencies f1 through f4 of the star
SBL0303 as well as the corresponding  2 statistics for the modes with l = 0, 1, 2, 3, 4. The notation
and markings are the same as in Fig. 13.5.
f4 since for these frequencies the amplitudes in all three bands could be determined.
However, all oscillations with the exception of f1 have very low amplitudes and
barely exceed the single data point error which gives rise to large uncertainties in
the amplitude ratios. Fig. 13.8 shows the comparison of the observed amplitudes in
the di↵erent passbands with the theoretical ones for a star with 10 M . For a star
with 9 M , as suggested by RM98 no excited modes were found in the error box
of the parameters. Displayed are both the amplitude ratios and the corresponding
 2 statistics. Considering the large relative errors, an unambiguous determination
cannot be made, but still statements about the mode at work can be given.
For f1 only a radial or a dipole mode is possible, with l = 1 being more likely.
An l = 3 mode could also fit the observations but is considered unlikely due to
geometric cancellation. f2 seems to be a radial mode and higher degrees can be
ruled out. f3 exhibits the largest relative errors but still has a good SNR so that
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here the amplitude definitely increases with wavelength. The only spherical degree
which shows this behavior, even when increasing the error box of Te↵ and log g
and changing the stellar mass, is l = 4. From a observational point of view this
seems rather unlikely since, owing to geometric cancellation, very high data quality
is necessary to identify such a high degree. For f4 no statement can be made other
than that it is not an l = 4 mode and also l = 2 seems unlikely. For f4 the amplitude
ratio AB/AU shows the best agreement with a dipole mode, AV /AU , however, fits to
both a radial and an l = 3 oscillation.
In the case of f2 being a radial mode then f1 and f4 cannot be which makes f1
and f4 most likely dipole modes.
13.2.5 SBL0353
This star was first suggested to be a   Cephei candidate by BE85 and both RCB97
and BVF99 classify it as member of the cluster. PHC91 list spectral type B0.5 V.
According to LM83 it is a spectroscopic binary, RM98 however conclude that it is a
single star.
Stro¨mgren photometry places this star near the other very bright   Cephei vari-
ables on the theoretical HR diagram in NGC 6231, but one has to keep in mind its
possible binary nature.
No one so far managed to detect a single significant frequency for this object:
BE85 mention that there might be oscillations at 0.3 c/d or at 10.6 (11.6) c/d but
do not arrive at a conclusion. ASK01 also analyzed this star and found possible
oscillations in the 10  15 c/d range.
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Fig. 13.9: Amplitude spectrum, one night in of V data and the HR diagram for SBL0353. The
amplitude spectrum in V is considerably di↵erent from B, suggesting that the detected frequencies
might be due to extrinsic influence, i.e.: the bright O star nearby. However, some nights, of which
one is shown here, indeed show some variation in the 10 c/d range. No frequency however is
significant in this region.
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Attempts to detect significant frequencies with the new data did not change this
situation. One reason why it is so di cult to extract high quality light curves from
the CCD data is the fact that it is situated right next to a very bright O star. This
star produced a bright halo around themselves in the images and depending whether
the instrument was in focus or not led to serious contamination in the data. As
a consequence the given statements should be considered with some caution. The
analysis resulted in individual significant frequencies, but these depend on the filter
under consideration: Two frequencies were found in V at 8.24 c/d and 4.98 c/d but
in B not even a small signal was visible in these regions. On the other hand, the B
data showed excess power at 3 c/d, which in turn was not visible in V . This kind of
variability might be attributed to the contamination of the bright O star.
However, an insignificant signal was present at 0.3 c/d which agrees with the
suggested period of BE85 and a visual inspection of the light curve showed indeed
higher frequency variation for some nights. Fig. 13.9 shows the amplitude spectrum
in V and one night of data to demonstrate the presence of faster variability typical
for   Cephei stars even though no signal in the periodogram is significant.
As a consequence this star must remain a   Cephei candidate for now.
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13.2.6 SBL0437
According to the analysis of BE85 and ASK01 this star is a   Cephei candidate.
BVF99 and RCB97 determined it to be a cluster member and PHC91 list it with
spectral type B0 Vn.
Both variability studies did not result in the detection of any frequency above the
SNR threshold, but still indications were present that this star is indeed variable.
BE85 reported possible frequencies around 9.1 c/d, 14 c/d and even a long term
variation with a period of the order of 30 d. ASK01 mention possible frequencies
around 15 c/d.
The present data support the picture of a   Cephei candidate and it was even
possible to detect one oscillation above the SNR threshold at f1 = 7.46 c/d. Further
analysis reveals some interesting features: Visually inspecting the light curves led to
the conclusion that the long term variation is not caused by zero point o↵sets as is
the case with many other stars. This is strongly supported by the frequency analysis
where for many stars the typical variation due to this e↵ect is of the order of the
length of the run, i.e.: 0.016 c/d, which is not the case here. Due to the complex
structure of the periodogram in the low frequency regime, no final statement can be
made, but since the light curve of SBL0437 is not dominated by zero point o↵sets such
possible additional variability can be discussed: The strongest but still insignificant
signal which would mark a long period variation can be found at 0.14 c/d with a
strong alias at 0.86 c/d. Going up in the frequency range the next interesting possible
oscillation can be found at 3.73 c/d which depicts f1/2.
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Fig. 13.10: Amplitude spectrum and HR diagram for SBL0437. The dotted line in the left hand
panel marks the SNR = 4 threshold after prewhitening f1 which is the only frequency reaching the
significance level. For this star that the low frequency variation does not seem to be caused by zero
point o↵sets during the run. The spectrum clearly suggests a long term variation, even though no
peak is above the SNR threshold. One frequency however could be detected at f1 = 7.46 c/d. For
additional possible oscillations below the detection threshold refer to the text.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 7.461 - 1.9 2.0 4.39
Tab. 13.4: The single significant frequency detected in with the current data of SBL0467. No
statement can be made in U since the quality of the light curve is below average. Also the amplitudes
here should be considered as preliminary due to the low SNR. The errors are as follows:  f1 =
0.001 c/d,  B,V = 0.3 mmag.
At even larger frequencies (and consistent with the results of BE85 and ASK01)
possible signals can be found around 14 c/d and 15 c/d which do not seem to be
a harmonic of f1. When comparing B and V light curves the determination gets
even more complex since both light curves suggest signals at di↵erent positions in
the amplitude spectrum.
The data quality in U is less than average for this star and does not even reveal
a sign of the strongest frequency found in the other filters which can be attributed
to its small amplitude.
Fig. 13.10 shows the amplitude spectrum of the original data set in the V filter.
Also indicated is the significance level (SNR = 4) for a spectrum after prewhitening
f1. All signals discussed above except f1 do not reach this threshold after subtraction.
Also visible in the figure is the position in the HR digram which supports the idea
that SBL0437 is indeed a   Cephei variable.
Clearly additional and even more important, more precise data are needed detect
additional intrinsic variability and settle for a definite conclusion whether this star
belongs to the   Cephei class or not.
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13.2.7 SBL0456
This star is a   Cephei candidate as proposed by ASK01 with spectral type B1 Vn
as listed by PHC91 and still lacks confirmation. According to BVF99 it is likely a
member of NGC 6231.
The variability study of ASK01 resulted in the detection of three frequencies at
3.1 c/d, 3.9 c/d and 0.1 c/d respectively and they suggested that oscillations with
even shorter periods are likely present but the data did not allow a detection in this
range.
With the present data it was only possible to detect one frequency at f1 =
12.67 c/d together with its aliases. Examining the light curves and the periodogram
after prewhitening, it is clear that variations at longer time scales are present as well
(excluding the often seen signal at 0.016 c/d). However, no signal in this regime
exceeds the SNR threshold but possible oscillations can be found at 3.05 c/d, which
agrees with the result of ASK01 and a second peak can be found at about 0.5 c/d.
Since the variability at 0.5 c/d is sometimes seen in other stars as well, it is also
possible that it is caused by instrumental o↵sets. If it is intrinsic, there is no way of
telling which peak resembles the true oscillation since in this range the periodogram
has a very complex structure. However, none of the mentioned possible oscillations
reached a SNR > 4. This holds true for both B and V light curves.
The U data set features very bad quality, not even f1 could be detected unam-
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Fig. 13.11: Amplitude spectrum and HR diagram for SBL0456. Shown is the spectrum for the
original data set overlaid by the significance curve after prewhitening f1 = 12.67 c/d. The other
peaks near f1 are daily aliases of this frequency. Clearly visible are signals in the lower frequency
range. Note, however, that the largest peak in the displayed spectrum, found at 1.016 c/d, is an
alias of 0.016 c/d which in turn represents the length of the entire run. In between the arising
aliases of this signal one can find excess power at 0.5 c/d and 3.05 c/d. The latter agrees well with
an oscillation found by ASK01, the former could be due to o↵sets, but none of these exceed the
SNR threshold.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 12.6701 - 1.8 2.0 5.26
Tab. 13.5: The single significant frequency detected for SBL0456. In the residual amplitude
spectrum clearly variation at longer time scales is present but not detected reliably. Also the
data quality in U is below average, so that f1 not even appears in the periodogram. Therefore
no value is listed here for its amplitude in U . The error in the frequency determination amounts
 f1 = 0.0013 c/d and for the amplitudes  B,V = 0.3 mmag.
biguously.
Fig. 13.11 shows the amplitude spectrum for SBL0456 for the original data set
and the calculated position in the HR diagram. It is important to realize that the
largest signals in the low frequency regime arise due to o↵sets in the data. Table
13.5 lists the single detected significant frequency.
If one takes the oscillation spectrum and the position in the HR diagram as
indicators for the class of pulsating star, the conclusion is that this indeed is a  
Cephei type variable. To resolve the suggested frequencies clearly more data are
required that do not su↵er from o↵sets, allow the detection of signals below 1 mmag,
and ideally feature a better spectral window.
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13.2.8 SBL0486
SBL0486 is listed as single B0.5 V star (PHC91, RM98) and is a member of NGC
6231 according to BVF99 and RCB97.
It is classified as a   Cephei pulsator and was investigated by BE85 who found
three significant frequencies, but mentioned that they could not exclude errors due
to aliasing. SBL0486 was also in the field of view in the ASK01 observations. They
found 5 significant oscillations, two of which match (considering aliasing) the BE85
data.
The present data reveal three significant frequencies which are listed in Tab. 13.6.
f1 and f3 match the results of BE85, f2 can be explained by an alias. The matching
alias frequency of f2 in BE85 (f = 14.798) was checked with the current data and
resulted in a significantly lower peak in the Fourier spectrum and also produced
larger residuals when fit with the other oscillations. Taking this into account the
frequency found by BE85 was rejected.
The data were again dominated by o↵sets on time scales spanning the entire run.
Nevertheless, visual inspection of the unadjusted light curves suggested a period of
the order of 2 days which was found in the amplitude spectrum at f4 = 0.38 c/d.
This matches one of the low frequency variations detected by ASK01. However, the
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Fig. 13.12: Selected data for SBL0486. The top right panel shows the amplitude spectrum for the
adjusted data in U , clearly revealing the uncertain nature of the amplitude determination. This is
also emphasized in the displayed light curves where a good match is obtained both in B and V ,
but not in U due to lots of missing data and large errors. The residuals in V amount 3.1 mmag for
the adjusted data which comes close to the formal estimated average point error of the photometry,
2.4 mmag and suggests no additional oscillations within the data limits.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 11.3791 - 2.5 2.1 8.12
f2 13.8258 - 2.6 2.6 6.74
f3 18.058 - - 1.2 4.7
(f4) 0.38 - - 3.0 3.85
Tab. 13.6: Detected frequencies for SBL0486 for a daily adjusted data set, with no significant
frequency in U . f4 was estimated from an unadjusted light curve and agrees with a result from
ASK01 but is not significant in any filter when calculated over the entire run. However, a visual
inspection of the light curves clearly suggests the presence of variability of the order of 0.5 c/d which
was confirmed when calculating the periodgram for each month individually. Errors in frequencies
range from  f1 = 0.0007 c/d to  f3 = 0.001 c/d, the errors of the amplitudes in both B and V
amount  B,V = 0.2 mmag.
signal was not significant when fitted to the whole run. When investigated on the
basis of just a single month it exceeded the SNR threshold and the amplitude of
this variation varied by a factor of three (from about two mmag up to six mmag)
when calculated for the individual months. Furthermore, the second data set of the
observations of BE85 in 1984 covered eleven nights and they claim that the residuals
of the fit can be explained by single data point errors (  = 2.8 mmag) leaving no place
for a low frequency variation with larger amplitudes. Consequently this frequency
was not included in the final multi-periodic fit but is certainly worth mentioning.
The amplitudes for the more rapid   Cephei pulsations were then calculated with
a daily adjusted light curve.
The data quality in U was particularly bad for this star, so that no frequency
was found to be above the SNR threshold. Only the amplitudes of the frequencies
which are above the SNR threshold are listed in Tab. 13.6.
Stro¨mgren photometry is available from two di↵erent sources: Balona and Laney
(1995) and Perry et al. (1991). The values all agree well except the   parameter for
which the results of the former work is rather small. For the reason of homogeneity
the uvby  photometry of PHC91 has been adopted. The results of the calibration
are displayed in Fig. 13.12 in the HR diagram. According to RM98 SBL0486 is a
single star with a mass of 14.12M , derived using Geneva photometry, which agrees
reasonably well with the photometric calibration.
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13.2.9 SBL0515
According to ASK01 SBL0515 is suspected to be a   Cephei pulsator. They find
several frequencies but cannot give a final frequency solution due to aliasing. Fur-
thermore they mention that this star is much fainter than other   Cephei stars in
NGC 6231, implying that it is not a cluster member even though it is classified as
member by BVF99.
Unfortunately it was not possible to reanalyze this target with the new data
since its light curve is far too contaminated by one of the most luminous stars in
the cluster. Moreover, its PSF is merged with SBL0512, even in the focused images.
Consequently the light curve is characterized by large scatter and therefore prohibits
a closer examination and an unambiguous variability study.
Visual examination of the not too contaminated parts in the light curve however
reveal variability, but in the end it is impossible to separate contamination from
intrinsic variation. For further investigation, new data are needed which do not
su↵er from these e↵ects.
SBL0515 is also the only star among the (confirmed and candidate)   Cephei
stars for which the determination of the stellar parameters was done with photometry
from BL95. Its position in the HR diagram is shown in Fig. 13.1 as described in
the caption. The position which is significantly di↵erent from the other stars can be
interpreted as an indicator that this star is not member of NGC 6231. However, since
no information is given on the observing conditions and the data reduction procedure
in BL95 it is also possible that the photometric values su↵ered from contamination
from the close neighbors as well.
13.2.10 SBL0653
Ba83 was the first to identify this star as a   Cephei variable and later its variability
was further investigated by BS83 and ASK01. Both RCB97 and BVF99 list it as a
member of NGC 6231 within their adopted photometric criteria. PHC91 determine
ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 9.2647 6.5 5.1 4.5 12.29
f2 13.334 - 1.6 1.7 (3.82)
Tab. 13.7: Two oscillations reached a SNR larger than 4 for SBL0653 considering both B and V
data. Only f1 could be recovered in U . Note that f2 is not significant in V , but only in B and is
therefore considered as detected. The errors in frequency determination are  f1 = 0.0003 c/d and
 f2 = 0.0008 c/d, the errors in the amplitudes range from  B,V = 0.2 mmag to  U = 0.5 mmag.
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Fig. 13.13: Amplitude spectra, exemplary light curves and the HRD position for SBL0653. No
fit to the data is displayed due to the large residuals.
it to be a single star and find spectral type B1 V.
The variability study of BS83 resulted in a simple frequency spectrum with only
two dominant oscillations (f1,BS83 = 9.27 c/d, f2,BS83 = 16.405 c/d). ASK01 find
a daily alias of the strongest frequency, f1,BS83, and also evidence for superimposed
slower variability with a time scale of the order of 1 d. They claim that this slower
variation might not be intrinsic since fitting aliases for the strongest frequency results
in the disappearance of this slow variability.
With the present data two frequencies are detected: f1 = 9.265 c/d, which
matches the signals in the other data sets (more importantly the frequency f1,BS83
due to their better spectral window) and f2 = 13.334 c/d. The latter however is only
above the SNR threshold in B, but close to it in V . Consequently it is considered as
detected. No sign of slower variability is found and the second frequency listed by
BS83 is not visible as well. However, the residuals after prewhitening are not clean
and suggest additional frequencies in the range 11   14 c/d, where the strongest
signal is found at 12.8 c/d. No peak in this range has a SNR greater than 4. As a
consequence of the residual pattern, the fit does not match the data very well. To
determine more reliable amplitudes the light curves have been adjusted on a daily
basis to eliminate zero point o↵sets. Fig. 13.13 shows selected data for SBL0653 for
an adjusted data set, Tab. 13.7 lists the significant frequencies and corresponding
amplitudes.
Only for f1 a reliable amplitude could be determined in U for which then it was
possible to investigate the nature of the oscillation. Amplitude ratios were computed
for a 16 M  star as suggested by the evolutionary tracks in the HR diagram. The
results are displayed in Fig. 13.14 together with the corresponding  2 statistics. The
results favor a radial mode. In addition, stellar models with lower masses were also
checked since RM98 find 13.13 M . All results ranging from 13 to 16 M  show
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Fig. 13.14: Theoretical and observed amplitude ratios as well as the  2 statistics for f1 of the
star SBL0653. The markings are the same as in Fig. 13.5.
exactly the same behavior regarding the amplitude ratios with only fewer excited
models, and more clearly pointing towards an l = 0 mode. Even though  2 is
also low for a dipole or octupole mode caused by the large errors in the amplitude
determination, the inspection of the ratio AB/AU does not support these possibilities.
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13.2.11 SBL0712
The first evidence for variability of SBL0712 was found by Shobbrook (1979) which
featured observations in 1972 and 1973 and represents the first pulsating star detected
in NGC 6231. It is an already known   Cephei type pulsator for which these early
results indicate that the periods are not stable since the frequency spectra exhibited
significant change during this time. It is listed as single star with spectral type B1V
by PHC91 who also determined it to be a member of NGC 6231.
BS83 found similarities with the older data and detected 6 independent oscilla-
tions. Apart from aliasing problems the frequencies determined by ASK01 match well
with the results of BS83. The present data however reveal a very complex frequency
spectrum where only two frequencies are detected above the SNR threshold. Even
worse, the light curve is dominated by zero-point o↵sets due to the intrinsically very
small amplitudes. These frequencies match very well the older results and are listed
in Tab. 13.8. In the residual amplitude spectrum still evidence for additional fre-
quencies is present but only the weakest signal detected by BS83 (f = 10.98) comes
close to SNR = 4. For other frequencies such as (f = 9.62) and (f = 8.23) from
BS83 a daily adjusted data set helps to improve the quality but still these frequen-
cies do not exceed the SNR threshold. Moreover, the low-frequency variation found
by BS83 at 1.44 c/d does not appear at all in the analysis. Adjusting the data has
been considered to improve the reliability of the analysis and possibly detect more
frequencies but no further signal was detected.
In U the situation is even worse: no frequency is deemed significant and for the
two present signals in the other two bands, daily aliases have a higher amplitude
in the spectrum than the ones determined from B and V data. This is attributed
to the bad data in U which had to be deleted before the analysis to guarantee an
unbiased result.
Fig. 13.15 shows some data and the amplitude spectra calculated on the basis
of the original data. The strong signals at low frequencies represent the zero point
o↵sets on time scales of the total duration of the run.
ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 9.8481 - 6.3 5.7 6.46
f2 9.2947 - 4.3 3.9 4.8
Tab. 13.8: Frequencies and amplitudes for SBL0712. The amplitudes for the U light curve
are not listed because they cannot be recovered and therefore are not reliable. The errors are
 f1 = 0.0006 c/d and  f2 = 0.0008 c/d for the frequencies and  B,V = 0.5 mmag for the amplitudes.
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Fig. 13.15: Selected data for SBL0712. Very well visible is the variation due to zero point o↵sets
in the amplitude spectra. As a consequence no statement on low frequency variations as detected
in previous studies can be given. Furthermore, no fit is shown since there is clear indication of
additional variability in the residual amplitude spectrum. The position in the HRD suggests a very
massive, luminous star.
Stro¨mgren photometry is available from di↵erent sources (Sh83, PHC91 and
BL95). The values of BL95 do not match very well with the other two but a cali-
bration manages to reproduce the position in the HR diagram within the errors. For
the final calibration the values of PHC91 have been adopted to be as homogeneous
as possible in the entire analysis.
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13.3 Slowly Pulsating B Stars
No SPB star has been identified in NGC 6231 so far which is understandable since
many previous observing runs were dedicated to the more luminous   Cephei stars in
the cluster. BL95 were the first to employ CCD photometry not only meant to obtain
photometric indices, but also to search for additional variable stars in the cluster.
They did not find any SPB star (or candidate) in NGC 6231 and even concluded
that this type of pulsator is not common in NGC 6231 at all.
ASK01 conducted another search for variable stars and found three possible SPB
stars in total. Due to the limits of their data set regarding the covered length
these stars only remained candidates since the analysis of their frequency spectra
was hindered by strong aliasing. Consequently an identification was postponed to
subsequent work.
With the data presented here, another search for such types of pulsators could
be performed, but since the observations were carried out at a single site with large
gaps in the data, the frequencies found in these stars are to be considered with
caution. Due to the properties of the periodogram in combination with single site
data it is very di cult to identify variability of the order of 1 c/d. Therefore the
frequency analysis was carried out with extra care, checking many possible aliases and
combinations for the result which in the end was chosen to minimize the residuals.
The three SPB candidates will be discussed in the course of this section since
these already are suspected pulsators. The previously unknown SPB stars in NGC
6231 are discussed in section 14.1.
13.3.1 SBL0275
The intrinsic variability of SBL0275 has first been noticed by ASK01 who also sug-
gested a possible SPB nature. According to RCB97 this star is a cluster member
and has spectral type B4-5 V as derived photometrically. The variability study by
ASK01 resulted in two significant frequencies at 1.65 c/d and 0.74 c/d.
The analysis with the new data revealed a complex amplitude spectrum. The
periodogram for the original data set in V showed maximum power at 1.7 c/d.
Prewhitening this oscillation and subsequent fitting of further significant frequencies
did not result in a satisfying fit to the light curve. Therefore a careful examination
of the light curve was conducted which showed the possibility of beating of two
close frequencies. For the determination of these frequencies which are responsible
for the beating phenomenon, many di↵erent pairs and their aliases were checked.
Those chosen in the end mark the pair which minimized the residuals. The best
match was found at f1 = 1.67 c/d and f2 = 1.77 c/d. Due to aliasing these two
oscillations produced the largest peak in the amplitude spectrum at 1.7 c/d which -
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if not investigated in more detail - suggests only one oscillation. This also matches
well with the results of ASK01 when aliasing is taken into account.
The search for additional oscillations was very di cult because the V and B light
curves suggested di↵erent frequencies after prewhitening f1 and f2. In V two more
frequencies turned out to be significant which could not be found in B. The third
strongest signal in B is found at 1.33 c/d which in turn is not visible in V . Since no
distinction is possible which of these frequencies is intrinsic only the amplitudes in
V for the remaining signals are given since the light curve in this filter exhibits the
least scatter and seems to be most reliable throughout the entire data set. Also no
indication of faster variability is detected above the noise level of the data. The final
adopted solution is listed in Tab. 13.9.
Fig. 13.16 shows light curves covering two months of the observing run, the
frequency spectra in V , and the position of SBL0275 in the HR diagram. The fits
in the light curve were calculated with the solution given in Tab. 13.9 for both B
and V filters. Also a fit in U is displayed and even though this light curve shows
signs of zero point o↵sets during the run the fit matches the data quite well. Note
however, that the data in U are better than average and should allow to determine
the amplitudes of f1 and f2 reliably.
Together with the results from ASK01 it is clear that this star shows variability
in the range typical for SPB stars. An important indicator to exclude rotational
and binary e↵ects is multi-periodicity which is clearly present here. Also amplitude
-100
-50
 0
 50
 100
 60  60.5  61  61.5  62  62.5  63  63.5  64  64.5  65  65.5  66  66.5
-100
-50
 0
 50
 100
 27.5  28  28.5  29  29.5  30  30.5  31  31.5  32  32.5  33  33.5  34  34.5
 0
 3
 6
 9
 12
 15
 0  2  4  6
 0
 2
 4
 6
 0  2  4  6
 0
 1
 2
 3
 4
 0  2  4  6
 1.5
 2
 2.5
 3
 3.5
 4
 4.5
4.004.104.204.304.40
HJD + 2454200 [d]
Δ
U,
 Δ
B,
 Δ
V 
[m
m
ag
]
A 
[m
m
ag
]
Frequency [c/d]
Original Data V V - 2f V - 4f
log
 L
/L
 
log Teff
2.5
3
4
5
6
7
8
ZAMS
Fig. 13.16: Two months of data, amplitude spectra and the HR diagram for the SPB variable
SBL0275. The multiperiodic fits for the B and V light curves were calculated with all frequencies
listed in Tab. 13.9, even though f3 and f4 were not detected in B. .
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 1.6686 22.0 13.6 13.0 22.42
f2 1.7662 12.4 10.8 9.6 16.58
f3 0.9093 - - 4.0 6.45
f4 2.0437 - - 2.8 4.95
Tab. 13.9: Frequency solution for SBL0275. f1 and f2 are significant in all filters. f3 and f4
can be found only in V whereas the B light curve suggests a di↵erent third oscillation. Since
the data are most reliable in V this solution has been adopted. Furthermore, since f3 and f4
are not visible in B the amplitudes are only given for V . The errors in the frequencies range
from  f1 = 0.0001 c/d to  f4 = 0.0006 c/d and for the amplitudes amount  U = 0.9 mmag,
 B = 0.3 mmag and  V = 0.2 mmag.
di↵erences are taken as an indicator for pulsation as origin of the variations. Fur-
thermore it is situated in the instability strip of SPB type pulsators. The indicated
mass in Fig. 13.16 of about 5 M  correlates well with the results from RM98 who
find 5.17M . Therefore SBL0275 can be declared an SPB type pulsator.
Setting constraints on the underlying modes turned out to be very di cult for
this star, since for the given e↵ective temperature and surface gravity combined with
the determined errors a total of 61 models for a 5M  input showed pulsations with a
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Fig. 13.17: Theoretical and observed amplitude ratios and the  2 statistics for f1 and f2 of
SBL0275. Even though many excited models were found in the error box of the stellar parameters
a dipole mode describes these oscillations better than higher degree oscillations. The markings are
the same as in Fig. 13.5.
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large range in amplitude ratios. Fig. 13.17 shows the observed values and theoretical
predictions as well as the corresponding  2 statistics.
For l = 2, 3, 4 the predicted theoretical amplitude ratios were found to cover a
large range making it impossible to draw any conclusions here. Only for l = 1 all
the models showed similar behavior. For both frequencies of SBL0275 a dipole mode
seems to be most likely.
13.3.2 SBL0394
ASK01 determined possible SPB type variability for this star, but were not able to
arrive at a definite conclusion regarding the frequencies due to aliasing. Garrison
and Schild (1979) determined its spectral type to be B2 IV-V, BVF99 and RCB97
both classified it as a member of NGC 6231. Furthermore it is a possible binary
according to RM98.
Since the amplitudes of the detected multiple periods are very small, and sig-
nificant o↵sets are present, the data have been adjusted by subtracting the mean
magnitude for each month. In this way possible SPB variability is not corrupted and
the e↵ects of the o↵sets are minimized. However, due to this adjustment it is nec-
essary to always compare the periodogram based on adjusted data with the original
one to determine the correct frequency values.
A visual examination of the light curve clearly reveals multiple periods in the
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Fig. 13.18: Amplitude spectrum, HRD and some data for SBL0295. Clearly visible are small
frequency variations in the light curve as well as in the periodogram. The lower light curve shows
just one night of data where higher frequency variability of the order of 8 c/d is visible.
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data and possible beating. Since the data in V depict the best quality, the frequency
determination was done with this filter. The shape of the periodogram also suggests
the presence of two close frequencies in the range 1 to 1.4 c/d. Only one frequency
could be determined to be significant at f1 = 1.13 c/d with an amplitude of about
3 mmag. Possible additional variability might be at 1.33 c/d which comes close to
a value determined by ASK01. Altogether, only the data in V revealed a significant
frequency.
This star is of particular interest because it shows signs of variability at even
higher frequencies. No clear power excess is visible in the periodogram, but visually
inspecting the light curves of the best nights clearly reveals the presence of such a
variation around 8 c/d. This is shown in Fig. 13.18, where light curves are displayed
to show both long term variability and also the mentioned faster modulation. The
periodogram in the figure was calculated with the adjusted data set and shows a more
significant peak at around 2 c/d in contrast to the suggested value. This di↵erence
arises due to the adjustment on a monthly basis. In the amplitude spectrum of the
original data, the signals at around 1 c/d are larger (but insignificant due to o↵sets).
This star certainly is a very interesting target. It shows clear variability in the
SPB range, but e↵ects due to binarity cannot be excluded. Calculating its e↵ective
temperature and luminosity it is found in the region where both   Cephei and SPB
pulsations can be present. Even though only one frequency in one filter was detected,
this star is considered as an SPB variable since (a) it shows signs of multi-periodicity
even though no additional oscillations could be detected (which can be blamed to
the data o↵sets), (b) ASK01 detected multi-periodicity, and (c) it is found near other
SPB stars in the theoretical HR diagram.
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13.3.3 SBL0461
SBL0461 is another SPB candidate as stated by ASK01. This star is found to be a
member of NGC 6231 by RCB97 and BVF99 and has spectral type B1.5 V according
to PHC91. The question about its binary nature has yet to be settled since GM01
find it to be a single star, RM98, however, list it as binary. ASK01 find evidence for
two frequencies at 0.4 c/d and 0.5 c/d respectively but explicitly mention that their
results need to be checked.
The Fourier analysis with the new data resulted in only one significant frequency.
Even though the light curves are well described by this single oscillation, the resid-
uals are not clean suggesting additional variability at the mmag level. Due to the
small amplitudes involved, the identification has been done by comparing a monthly
adjusted light curve with the original data to suppress very low-frequency variation.
In all three bands the oscillation with the largest amplitude is found at f1 =
0.36 c/d which is reasonably close to the solution of ASK01. An additional significant
frequency is present in the V data which can be found at 0.17 c/d but does not fit
f1/2 well. However, this might have been introduced by the length of a run in one
month. Since variability at 0.17 c/d is not often seen in the light curves of other
stars, the possibility remains, that it is an intrinsic e↵ect. Because no significant
improvement in the fit to the light curve is seen when this frequency is included, it
is not mentioned as an independent oscillation.
Possible additional frequencies can be found at 0.5 c/d (which is the second fre-
quency of ASK01) and interestingly at 7.64 c/d which has an amplitude < 1 mmag.
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Fig. 13.19: The data for SBL0461 for June 2007 are shown in the light curve with the calculated
single frequency solution on top. The amplitude spectrum was calculated using an adjusted data
set to suppress extremely low frequency variation. Readily visible is an oscillation at 0.36 c/d.
The HR diagram suggests a very hot and luminous star. This, however, has to be considered with
caution due to its possible binary nature.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 0.3597 6.2 4.6 4.4 6.48
Tab. 13.10: Single-periodic fit for an adjusted data set of the light curve of SBL0461. More
oscillations might be present but are not detected with the current data. The errors amount
 f1 = 0.0005 c/d,  U = 0.5 mmag,  B = 0.3 mmag, and  V = 0.2 mmag.
The calibration of e↵ective temperature and luminosity was done with Stro¨mgren
photometry adopted from PHC91. However, it seems necessary to mention here, that
PHC91 found a significantly di↵erent value for V when compared to work by BVF99,
SBL98 and BL95.
Fig 13.19 shows some selected data for this object. Clearly visible is the low
frequency variability. Note that the noise in the light curve is unusually high for this
relatively bright star. This can be explained by the fact that it is situated extremely
close to another cluster star introducing further errors. In the figure it is also evident
that for some nights the noise level is higher than in other nights which is attributed
to the defocused state of the camera, where the distinction of the PSFs becomes
more di cult.
The results presented here suggest that SBL0461 is indeed an SPB type pulsator.
Even though only one frequency can be found to be significant, the di↵erent am-
plitudes in the three bands and the clear presence of additional variability (though
not detected) point to the conclusion that the variability is due to pulsation. The
binary nature, however, still needs to be clarified. If the amplitude in U is artificially
increased due to unreliable data and if this star is in fact a binary it is possible that
the variability is not originating from pulsations.
Fig. 13.20 shows the amplitude ratios on top of predicted values for models with
7 M  within the error box of Te↵ and log g. A visual inspections suggests an l = 1
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Fig. 13.20: As shown here on the left hand side, the theoretical predictions for the amplitude
ratios suggest a dipole mode for the single detected frequency of SBL0461 which is also reflected in
the  2 statistics displayed in the right hand panel. The markings are the same as in Fig. 13.5.
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mode for f1 which is consequently supported by the  2 statistics displayed on the
right hand side of the figure.
14 New pulsating stars in NGC 6231
Among all checked stars previously undetected variables were found as well. The
vast majority of these seem to belong to the group of SPB pulsators. Fig. 14.1
shows the location of all variables determined to be such a type of variable for which
intermediate band photometry was available. All of them fall into the SPB instability
region covering a range from about three to eight solar masses. Furthermore, a new
  Scuti type variable has been found as well.
Individual discussions for each new variable star including detailed analysis and
justification of the classifications are the focus of this section. The order of appear-
ance represents the numbering adopted by SBL98.
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Fig. 14.1: Detected SPB stars in NGC 6231. Red triangles denote candidate SPBs listed by
ASK01, blue symbols mark stars which were not known to be variable before. Lines and indications
are the same as in Fig. 13.1.
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14.1 Slowly Pulsating B stars
In addition to the already inspected SPB candidates of ASK01 also many new such
pulsators are detected owing to a bigger field of view and also better data quality
for these stars. Since SPB stars naturally show oscillations in the 1 c/d regime, it
is important not only to rely on the time scales of the variability. For these stars
clear amplitude di↵erences and multi-periodicity are required for a classification as
a pulsating star. All SPB stars with confirmed membership in NGC 6231 will now
be presented and individually discussed.
14.1.1 SBL0164
SBL0164 is a newly detected variable star. It is classified as a member by RCB97
who also photometrically derived the spectral type B6-8 V. RM98 found SBL0164
to be a single star.
The frequency analysis showed that the light curve is dominated by a single
frequency at f1 = 1.4183 c/d. Additional oscillations are suspected in the low
frequency range with amplitudes up to 4 mmag due to the shape of the residual
amplitude spectrum and the imperfect (but very good) fit of the single frequency
solution to the light curves. Fig. 14.2 shows the light curve, amplitude spectra and
the position in the HR diagram for this object. Tab. 14.1 lists the single frequency
and its amplitudes in all three bands.
Since multi-periodicity is an important indicator for a pulsation origin of the light
variations here one has to rely on the clear amplitude di↵erences, the time scales of
the variability and the position in the HR diagram. All these facts point towards
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Fig. 14.2: Original and residual amplitude spectra for the star SBL0164 are shown in the two top
panels. Also a light curve for B and V data and the corresponding fit including f1 and indicated as
dashed line, are displayed. The position of this star in the HR diagram together with the frequencies
and amplitudes are indications that this indeed is an SPB type star.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 1.4183 26.2 20.9 19.5 14.48
Tab. 14.1: Single significant frequency for SBL0164. Additional oscillations are likely present but
not detected within the limits of the data set. The errors are:  f1 = 0.0001 c/d,  U = 0.8 mmag,
 B = 0.4 mmag and  V = 0.3 mmag.
the conclusion that SBL0164 is a new SPB star in NGC 6231.
The mode identification turned out to be di cult for various reasons. The calibra-
tion of the Stro¨mgren photometry puts SBL0164 below the ZAMS in the Teff   log g
diagram, which can be attributed to a too large value for the surface gravity. For
this reason - and only for this star - the error input which defines the investigated
theoretical models has been increased to  log g = 0.5 dex. This also suggests that the
position in the HR diagram in Fig. 14.2 might be not correct, pointing towards a
di↵erent stellar mass. RM98 find SBL0164 to have a mass of 4.07 M  which basi-
cally agrees well with the results obtained here within the errors of the Stro¨mgren
photometry and the evolutionary tracks. However, the mode identification gives
completely di↵erent results when changing the stellar mass from 3.5 to 4 M . Fig.
14.3 shows the observed amplitude ratios as well as the theoretical predictions for a
3.5 M  model with an enlarged error box. Here the theoretical predictions do not
fit well to the observations, but most likely is a dominant dipole mode oscillation
of the star. When changing the mass to 4 M , an l = 3 mode becomes most likely
which in turn is clearly rejected for the displayed models with lower stellar mass.
As a consequence no constraints can be set on the underlying mode of the dominant
oscillation of SBL0164.
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Fig. 14.3: Observed and theoretical amplitude ratios for the star SBL0164. The models shown
here are calculated for a mass of 3.5 M  with an increased error box due to imperfect calibration
of the Stro¨mgren photometry. For this stellar mass a dipole mode is most likely, but increasing it
to 4M  changes this picture. The markings are the same as in Fig. 13.5.
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14.1.2 SBL0210
SBL0210 has not been subject to a variability study so far. It is classified as a
member of NGC 6231 by RCB97 who also list it as possible Ap star on the basis
of photometric boxes (see publication for details). However, for the determination
of e↵ective temperature and luminosity it is treated as normal star. The results
are then inconsistent with those of RCB97 since Stro¨mgren photometry suggests a
higher mass than typical A stars have.
The data set revealed three independent frequencies and one harmonic. Only
the strongest signal and its first harmonic are significant in all data sets. In the
V data two more frequencies are found to be above the SNR threshold. One of
them (f3 = 0.5 c/d) has to be considered with caution since this frequency can
be found in some other data sets and is explained by zero point o↵sets. However,
this star does not show significant o↵sets during the entire two months of the run,
therefore it is likely that f3 is an intrinsic variation. The significant frequencies and
their amplitudes found for SBL0120 are listed in Tab. 14.2, with the values for the
frequencies and the SNR determined in V since this data set is as usual the most
reliable.
The data quality in U is considerably good, which can be explained by the large
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Fig. 14.4: The three top panels show the amplitude spectra for SBL0210 for an unadjusted data
set, subsequent prewhitening for f1 only and for all significant frequencies respectively. The two
light curves show data for two months with the calculated multi-periodic fit including all four
frequencies in all filters. The position in the HR diagram is also indicated in the bottom right
panel labelled as red dot. The star is situated in the SPB instability strip and the over-plotted
evolutionary tracks suggest a mass of about 5M .
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 0.9615 54.4 35.9 28.4 59.64
f2 0.8332 - - 2.4 5.21
f3 0.5004 - - 2.3 5.03
2f1 1.923 12.7 6.9 6.1 10.76
Tab. 14.2: Significant frequencies for SBL0210 found in the V data without adjustment. The
second strongest signal is found to be a harmonic of f1. f2 and f3 are only significant in V , where f3
has to be considered with caution since the possibility that this oscillation is due to zero point o↵sets
cannot be ruled out. The errors in the frequencies range from  f1 = 0.00005 c/d to  f3 = 0.0006 c/d
and in the amplitudes amount  U = 0.5 mmag,  B = 0.3 mmag and  V = 0.2 mmag.
amplitudes of the oscillations and the single data point error which are both larger
than the typical corruption found for the U data.
In Fig. 14.4 examples of the light curves, the corresponding fits, original and
residual amplitude spectra and the HR diagram are shown. Especially the position
in the latter has to be considered with caution due to the possibility that this star
shows peculiarities in its spectral energy distribution. However, Ra98 derive a mass
of 5.06M  for SBL0210 which matches very well with calculated luminosity, e↵ective
temperature and overlaid evolutionary tracks.
On the basis of multi-periodicity, amplitude di↵erences in all bands, the time
scales of the variability and its position in HR diagram, SBL0210 is determined to
be an SPB variable. The peculiarities detected by RCB97 have to be verified at a
later stage.
Only f1 could be examined closer due to unreliable data in U and the results of
an attempt to identify the spherical degree l of the associated mode are visible in Fig.
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Fig. 14.5: Observed and theoretical amplitude ratios for the frequency f1 of the star SBL0210.
The right hand panel shows the  2 statistics for the observed values clearly pointing towards an
l = 2 mode. The markings are the same as in Fig. 13.5.
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14.5. The grids for stars with 5 M  have been checked with the already mentioned
parameters for NGC 6231 and within the error boxes of the Stro¨mgren photometry
for the degrees l = 1 to 4. The most likely oscillation represents an l = 2 mode,
all other degrees can safely be ruled out, since for this star the light curves are very
reliable and the amplitudes are among the largest in the data set.
14.1.3 SBL0283
SBL0283 has not been classified as variable star so far and is listed as member of
NGC 6231 by both BVF99 and RCB97. PHC91 give only spectral type B without
further subclass or luminosity class.
The frequency analysis revealed the richest and most complex spectrum compared
to the other variables in the field giving rise to many individual oscillations in the
low frequency regime. For this star prewhitening and subsequent fitting of new
frequencies led to an imperfect fit so that the frequencies were selected manually
from the periodogram. The searching, fitting and prewhitening after some steps led
to 11 significant frequencies in the end with residuals below 1 mmag. Since the
data quality is not unusually di↵erent from any other star with comparable apparent
brightness, it is possible that many of the significant frequencies were detected as a
consequence of the Fourier method and the adopted SNR threshold and therefore are
not intrinsic (but still might be). Moreover, the residuals in the amplitude spectrum
after prewhitening the 11 frequencies were far below the single data point error also
suggesting an implausible result. Therefore only four frequencies are listed in the
Tab. 14.3 which produce an equally good fit to the data with only minimal increased
residuals. The residual amplitude spectrum and the still imperfect fit to the light
curve can be interpreted as indications for additional variability.
ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 1.6694 18.3 13.2 11.3 19.8
f2 0.249 - 5.8 5.5 12.52
f3 1.4688 - 4.7 4.7 8.8
f4 2.9952 - - 3.2 4.43
Tab. 14.3: Frequencies found in the V data set and the corresponding amplitudes for all bands for
the star SBL0283. Only amplitudes of frequencies with SNR > 4 are listed for the U and B data.
Additional significant frequencies are present in the data set, but in light of the general data quality
not mentioned here. The errors in the frequencies range from  f1 = 0.0002 c/d to  f4 = 0.0006 c/d,
in the amplitude from ±0.2 mmag in V to ±0.7 mmag in U.
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Fig. 14.6: Exemplary data for SBL0283. Amplitude spectra, light curves and the corresponding
fit are displayed as well as the HR diagram and the position of this star indicated as red dot. Only
the V light curve is displayed since the other bands do not show an equally good fit to the data.
Also the residual amplitude spectrum shows clear signs of additional variability at all scales shown
here.
Fig. 14.6 shows the amplitude spectra for the original data set, after prewhitening
2 frequencies and the residuals for the V data. Also displayed are light curves in
V with the corresponding fit and the HR diagram with the position derived from
Stro¨mgren photometry of PHC91.
SBL0283 is clearly multiperiodic, shows amplitude di↵erences in the three bands,
is positioned in the SPB instability strip and shows variability at typical time scales
for these stars. Thus it is classified as SPB star in NGC 6231.
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Fig. 14.7: Observed and theoretical amplitude ratios for the frequency f1 of the star SBL0283.
The comparison with the pulsation models clearly point towards a dipole mode for this oscillation.
Higher spherical degree can safely be ruled out. The markings are the same as in Fig. 13.5.
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Reliable amplitude values could only be determined for f1 in all three bands. For
the mode identification models with a mass of 5 M  were considered. The results
are shown in Fig. 14.7 where the observed values match very well with the predicted
ones for a dipole mode.
14.1.4 SBL0317
SBL0317 has been suspected to be variable by BVF99 on the basis of the di↵erence
between their measurements and PHC91’s photometry. RCB97 find it to be a mem-
ber of NGC 6231, BVF99 however list the star as non-member. The latter result
is likely an error in the catalog since (a) this star is used in the discussion of their
work as a member and (b) its color excess is very similar to other cluster members.
The calibration of the Stro¨mgren photometry indicates a very similar Eb y value
compared to other members. For these reasons it can safely be argued that SBL0317
is a member of NGC 6231. The spectral type is listed as B3 without luminosity class
in PHC91 and RCB97 photometrically find B2-3 V.
The variability analysis resulted in three significant frequencies. A fourth one
has also been included in the final list since it is apparent in both V and B data,
comes close to the SNR threshold and significantly improves the fit to the raw data.
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Fig. 14.8: The top three panels show amplitude spectra for the original data set, after prewhitening
2 frequencies, and the residual spectrum respectively for SBL0317. Also indicated in the rightmost
periodogram is the significance curve corresponding to SNR = 4. The two bottom left panels show
the data for May and June and also include the calculated fit which matches the data very well.
The bottom right panel shows the HR digram with SBL0317 indicated as red dot.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 0.6133 - 8.0 7.9 15.03
f2 1.3381 - 2.6 3.4 7.07
f3 3.4903 - 3.2 2.3 4.66
f4 4.9252 - 1.3 1.8 3.8
Tab. 14.4: Detected frequencies for SBL0317. All oscilaltions match well with both B and V
data. Also aliasing did not seem to be significant here, but errors due to gaps in the data cannot
be excluded for sure. f4 is not significant with a SNR < 4 but since it was definitely visible in
both bands and it significantly helped to improve the fit, it was included in the list. All values are
calculated using observed data since o↵sets between the individual months were negligible. Errors
range from  f1 = 0.0002 c/d to  f4 = 0.0007 c/d and in the amplitudes amount  B,V = 0.2 mmag
In addition there was no need to adjust the data since for this target the monthly
o↵sets were lower than the amplitudes of the oscillations and the o↵sets were found
to be only slightly above the single data point error. Unfortunately, the data in U
resulted in one of the worst light curves with many unreliable data points so that not
even a single frequency could be found. Tab 14.4 lists all frequencies and amplitude
for SBL0317.
Figure 14.8 shows two months of data for May and June 2007 and the corre-
sponding multi-periodic fit. Note that f4 has been included in the calculation of this
fit even though it was not deemed significant with the adopted criterion. Also visible
are several amplitude spectra and the HR diagram with SBL0317 highlighted as red
dot.
This star is certainly a very interesting object. Not only does it show variability
on di↵erent time scales, it is also located near the region where SPB and   Cephei
instability strips overlap in the HR diagram. On the basis of multi-periodicity and
since the low frequency variations dominate the light curve and no definite conclusion
can be made on the faster variability, SBL0317 is classified as SPB star.
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14.1.5 SBL0480
SBL0480 has not been subject of a variability study so far. It is determined to be a
member of the cluster by BVF99 and RCB97, has spectral type B2 IVn according
to PHC91 and does not seem to be a binary following RM98.
The frequency analysis turned out to be very di cult since the amplitudes of pos-
sible oscillations are very small. To minimize the e↵ects of di↵erent zero points during
the entire observations an adjustment was done on monthly basis. The strongest sig-
nal is found at 2.3 c/d and after prewhitening the periodogram is dominated by
signals peaking at about 0.5 c/d. Due to the characteristics of the Fourier method
this region is very crowded in frequency space and no signal is found to be above
the detection threshold. The signals grow again stronger towards 4.5 c/d where a
significant peak could be found in the V data. It is possible that f2 is a harmonic
of f1 with twice its frequency. The variation around 0.5 c/d is di cult to interpret
since some other stars also show variability in this region with about the same am-
plitude suggesting that this is variation due to instrumental or atmospheric e↵ects.
However, intrinsic variability is clearly visible but hard to interpret in light of the
small amplitudes and noisy data.
The data quality in U is above average, but even so no significant oscillation was
visible in the amplitude spectra. Tab. 14.5 therefore lists only values for B and V .
Fig. 14.9 shows one month of data where the variability is clearly visible in both the
amplitude spectrum for the adjusted data set and the light curve. The amplitudes
were calculated with the frequencies and phases determined in V since this is the
most reliable data set.
No Stro¨mgren photometry is available for this target and e↵orts to calibrate
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Fig. 14.9: Light curve of SBL0480 for June 2007 and the amplitude spectrum calculated for the
adjusted data in V . Variability is clearly visible but the found solution does not match the light
curve well since a broad spectrum of signals is present at 0.5 c/d with no significant peak.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 2.2981 - 4.2 4.2 5.68
f2 4.5224 - 2.0 1.8 5.57
Tab. 14.5: Significant frequencies for SBL0480. The amplitudes for U are not mentioned since
the corresponding frequencies completely disappear into the noise of the periodogram. Note, that
the amplitude of f2 in B has to be considered with caution since also this peak is not significant
in this filter. Furthermore f2 might be a harmonic of f1. Nevertheless it was included because it
is well visible in the amplitude spectrum. The errors for the frequencies are  f1 = 0.0004 c/d and
 f2 = 0.0008 c/d, for the amplitudes ±0.2 mmag in both B and V data.
e↵ective temperature and luminosity on the basis of UBV photometry using the
same calibrations as SBL98 from Boehm-Vitense (1981) were not successful since
they did not yield realistic results. However, the time scales of the variability and the
multi-periodicity point towards pulsation as the origin of the light curve modulation
and therefore SBL0480 is considered to be an SPB candidate.
14.1.6 SBL0482
SBL0482 was mentioned as possible variable star by BVF99 for the first time. They
arrived at this conclusion on the basis of the di↵erences in their photometry to the
values of PHC91. Since then, no variability studies included this star.
Following BVF99 this star is considered to be a cluster member even though
RCB97 list it as a non-member. This decision was supported by the dereddend b  y
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Fig. 14.10: The top panel shows the light curve with the multi-periodic fit indicated as dotted line
for SBL0482. Even though this fit matches the data quite well, the solution is not unambiguous when
comparing light curves for the di↵erent filters and taking aliasing into account. The periodogram
at the bottom was calculated using adjusted data. The right hand panel shows the HR diagram
and SBL0482 indicated as red dot which is situated in the instability strip of SPB stars.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 1.9461 17.1 8.0 7.4 5.96
f2 1.3466 7.8 5.4 5.3 4.47
Tab. 14.6: Significant frequencies for SBL0482. Due to aliasing and di↵erences between the shapes
of the periodogram in the individual filters, these values should be considered with caution. The
frequencies and the SNR were calculated using only adjusted data in V since these show the smallest
scatter and o↵sets. The errors in the frequencies are:  f1 = 0.0004 c/d and  f2 = 0.0006 c/d, in
the amplitudes:  U = 1.1 mmag,  B = 0.5 mmag and  V = 0.4 mmag.
color resulting from the Stro¨mgren calibration which gave a similar color excess when
compared to other cluster members.
The first step in the frequency analysis was to adjust the light curves so that the
means in magnitude for each month matched. The analysis was then carried out by
comparing this adjusted data set with the original one. Two significant frequencies
were detected in the V data which also show up in the other bands. Since the SNR is
very low in U and B, the values for the amplitudes in Tab. 14.6 have to be considered
with caution. Also aliasing and some minor di↵erences between B and V data do
not allow an unambiguous determination of the oscillation time scales.
Nevertheless, the data are su cient to detect clear amplitude di↵erences in both
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Fig. 14.11: Observed and theoretical amplitude ratios for the frequencies f1 and f2 of the star
SBL0482 as well as the corresponding  2 values for each spherical degree. For f1 no well-defined
distinction is possible, f2 seems to be a dipole mode. Note that the grey error regions are di↵erent
for the two oscillations which is caused by separate model calculations for the individual frequencies.
The markings are the same as in Fig. 13.5.
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f1 and f2 which is a clear sign of pulsation. Only the frequency solution in V
matches the light curve well which - among the periodogram and the HR diagram
- is shown in Fig. 14.10. The calculation of stellar parameters places this star in
the SPB instability strip. Together with the multi periodicity, the time scales of
the variability and the amplitude di↵erences in the three bands, SBL0482 can be
declared an SPB star.
Since for f1 and f2 amplitudes in all three bands are available also mode iden-
tification could be performed for both of them. In this case the analysis was done
separately for each oscillation since too many models were excited if all frequencies
ranging from f2 to f1 were considered at once.
The results for a stellar mass of 3.5 M  are displayed in Fig. 14.11 where also
the  2 values are plotted for the modes with spherical degree l = 1, 2, 3, 4. As can
be seen in the figure, a clear distinction is not possible for f1, suggesting either a
quadrupole or an l = 4 mode. A dipole or octupole mode seems unlikely.
Even though the errors in the amplitude ratios for f2 are larger, here a more
reliable determination is possible. Clearly favored is a dipole mode for this oscillation.
14.1.7 SBL0528
SBL0528 is a new variable star in NGC 6231. It is classified as member of the cluster
by BVF99 and RCB97, has spectral type B6 Vn according to PHC91 and is also a
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Fig. 14.12: The top left panel shows the amplitude spectrum calculated with a monthly ad-
justed data in V for the stars SBL0528. The panel rightward shows the amplitude spectrum after
prewhitening the three significant frequencies where the dotted line indicates the SNR = 4 detection
threshold. The light curve in the lower panel shows data from June 2007 and the fit as calculated
from the solution for B and V . U is not displayed here since daily o↵sets are strong and the fit
only matches the data moderately well. Clearly visible in both amplitude spectra and light curves
is variability of the order of 1 c/d. The right hand panel shows the HR diagram and SBL0528
indicated as red dot.
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 1.1959 17.9 13.4 12.7 12.1
f2 0.8962 - 5.8 5.3 5.96
f3 1.3335 - - 4.9 4.65
Tab. 14.7: Frequency solution for SBL0528. Only reliable values are given since the data quality is
significantly worse for the U band. The frequencies were determined using V only, the SNR is given
also for V only. The errors in the frequencies range from  f1 = 0.0002 c/d up to  f3 = 0.0004 c/d,
the errors in amplitudes are:  V = 0.2 mmag,  B = 0.4 mmag and  U = 0.8 mmag.
possible binary following RM98. Other sources however do not find indications for
binarity.
The frequency analysis was done by comparing monthly adjusted light curves
with the original ones since minor o↵sets were present. In U several measurements
had to be deleted, but in general the quality of the light curve in this filter is above
average since large parts of the corruption noticed in other stars is found below the
single data point error of these light curves.
The frequency analysis resulted in three distinct oscillations, which are listed in
Tab. 14.7. V and B data agree well in general but f3 disappears into the noise
in B. Only the strongest signal can be found in U . This can be attributed to the
significant daily o↵sets visible in the U data. The low frequencies detected do not
allow an adjustment on a daily basis since it would lead to corruption in this range.
Only the amplitudes for those frequencies which were significant in the corresponding
filter are given.
The calculated multi-periodic fit matches well with the observed values, but a look
at the residuals of the data suggests that the solution is not complete. Furthermore,
since aliasing is a problem for this object the frequencies chosen are those which
minimize the residuals.
The determination of e↵ective temperature and luminosity is based on photom-
etry from BL95 and puts SBL0528 in the SPB instability strip. Over-plotted evo-
lutionary tracks suggest a mass of about 5 M  which is hard to compare with the
findings of RM98 who list it as binary. They find two components each with about
5M .
The multi-periodicity, the di↵erent amplitudes in U , B and V and the time scales
of the variability clearly point towards the nature of an SPB star. Therefore it can
safely be declared as such.
Setting constraints on the mode of f1 turned out to be a di cult task since in the
given error box of Te↵ and log g many models were found to show pulsations covering
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Fig. 14.13: Observed and theoretical amplitude ratios for f1 of the star SBL0528. The large size
of the grey error region is caused by a large number of excited models, where all but dipole mode
oscillations result in a large range of amplitude ratios for each passband. The markings are the
same as in Fig. 13.5.
a large range in amplitude ratios for a spherical degree higher than l = 1.
Fig. 14.13 shows the results for a 5M  model, where the large uncertainties are
clearly visible. Nevertheless, a dipole mode is most probably causing the light curve
modulation.
14.2   Scuti Stars
Some   Scuti stars are already known in NGC 6231 owing to the work of ASK01
with data optimized for faint stars. Even though they are intrinsically much fainter
than most other pulsators mentioned in this thesis, one new such variable was found
in the data set.
14.2.1 SBL0752
SBL0752 has not been identified as variable star so far and is listed as member of
NGC 6231 by RCB97 who also find the spectral type Amp7 based on a photometric
estimation.
The frequency analysis resulted in five detected oscillations in V , but since the
amplitudes are altogether very small, the light curve is dominated by zero-point
o↵sets. The detected oscillations, however, are little a↵ected by this trend due to
their nature as fast variations. Furthermore, aliasing posed a problem during the
analysis so that the frequencies were selected to minimize the residuals. The U and B
data showed larger average single data point errors compared to V making it harder
to determine accurate amplitudes.
7Spectral type Amp refers to an A star with enhanced metal features (m) and other peculiarities
(p).
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ID Frequency U Amplitude B Amplitude V Amplitude SNR
[c/d] [mmag] [mmag] [mmag]
f1 15.2413 3.42 2.79 2.67 15.17
f2 15.3989 - 1.78 1.9 11.15
f3 17.1006 2.42 1.65 1.88 9.5
f4 15.0161 - 1.2 1.13 6.48
f5 18.7892 - < 1 mmag 0.98 4.58
Tab. 14.8: Significant frequencies for SBL0752. Only amplitudes for frequencies which are signifi-
cant in the corresponding filter are listed. Additional variability might be present but is not detected
with the data set. The errors in the frequencies range from  f1 = 0.0006 c/d to  f5 = 0.005 c/d
and for the amplitudes amount  U = 0.5 mmag and  B,V = 0.2 mmag.
The solution given in Tab. 14.8 lists only amplitudes for the frequencies with a
SNR > 4 in a particular filter. Fig. 14.14 shows amplitude spectra and two nights
of data with the calculated fit. For other nights the fit does not match the data
similarly well since o↵sets are present which were not accounted for. The residual
amplitude spectrum, after prewhitening all five frequencies, still showed some excess
power around 20 c/d but no peak was determined to be significant.
Since no Stro¨mgren photometry is available, the classification given here is based
on the time scales of the detected significant periodicities and a comparison with
other stars in the cluster.
Its apparent magnitude in V suggests that SBL0752 is intrinsically brighter than
some SPB stars but still too faint to be a new   Cephei variable. The time scales of
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Fig. 14.14: Amplitude spectra and light curves for SBL0752. All frequencies were determined
using an unadjusted data set which su↵ers from minor low frequency variation due to zero point
o↵sets.
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the variability and B   V color point towards a   Scuti nature. The large apparent
brightness could be explained by a misclassification as a cluster member so that
SBL0752 is actually a foreground star and the di↵erential reddening could also be a
non-negligible factor. In the U B vs. B V diagram, SBL0752 is located among the
other   Scuti stars. One argument again the   Scuti nature of SBL0752 comes from
RM98 who find a mass of 4.08 M  which is too large for such a type of pulsator.
In light of the discrepancy in mass determination between RM98 and this thesis,
SBL0752 is still classified as   Scuti variable.
15 Other Variable Stars
The main focus of this thesis rests upon variable stars in NGC 6231, but since the
field of view covered an area which was considerably larger than the apparent cluster
size, also some other variable stars which are not members of NGC 6231 could be
identified and investigated in more detail. This section is therefore divided into
stars whose membership status is not known, stars which are possible members of
NGC 6231 and pulsating stars whose membership has been rejected by previous
work. Furthermore, also some eclipsing binaries will be discussed in the course of
this section.
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Fig. 15.1: Amplitude spectra and light curves for SBL0464 for an adjusted data set. No indication
for additional variability at the detection threshold is visible in the residual amplitude spectrum.
However, variability at higher frequencies might still be present with an amplitude < 1 mmag. The
bottom panel shows the light curves for June 2007 in all three filters and the corresponding fit as
calculated from the detected frequencies.
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ID Frequency U Amplitude B Amplitude V Amplitude S/N
[c/d] [mmag] [mmag] [mmag]
f1 1.1001 5.6 4.8 4.7 7.61
f2 1.3389 - - 2.7 4.01
Tab. 15.1: Significant frequencies for SBL0464. f2 is only significant in V , making an accurate
determination of the amplitudes di cult. Errors in the frequencies:  f1 = 0.0003 c/d and  f1 =
0.0006 c/d, in the amplitudes:  U = 0.6 mmag,  B = 0.3 mmag and  V = 0.2 mmag. Note that
aliasing a↵ects this data and therefore the frequencies determined here should be viewed as an
indicator of the time scales of the variability.
15.1 Unknown membership status
15.1.1 SBL0464
The membership status of SBL0464 is not clear since RCB97 list it as member of
NGC 6231 whereas BVF99 determine it to be a non-member. RCB97 also estimate
its spectral type to be B8-9V and RM98 even find evidence for possible binarity.
The di↵erential photometry clearly indicates variability of the order of 1 c/d.
Since the amplitudes of the variations are very small, an adjustment on a monthly
basis took place to enhance possible SPB type variability.
The analysis resulted in two significant frequencies, which are listed in Tab. 15.1.
f1 dominates the light curve and consequently fits the data very well even if only a
single frequency solution is adapted. The V data however revealed a second signifi-
cant frequency with the SNR just exceeding the threshold in only V .
Also an unambiguous determination of the frequencies was not possible due to
strong aliasing, the small amplitudes and the complex structure of the periodogram
in the region around 1 c/d. The values given here are those which minimized the
residuals after fitting the two oscillations.
Variability on shorter time scales is also indicated in the amplitude spectra in
the range 12   13 c/d with some peaks coming close to the SNR threshold. The
amplitude of such a variation would clearly be below 1 mmag.
Fig. 15.1 shows the amplitude spectra for the adjusted data set and for the
residuals after prewhitening the two detected frequencies. Also the light curve with
the multi-periodic fit is shown for the data in June 2007.
Stro¨mgren photometry is not available for this star and together with the unclear
membership status it is not possible to make a final statement on the nature of the
variations. The multi-periodicity and the time scales, however, clearly point towards
an SPB nature. The amplitude di↵erences are not really significant since the data
in U are unreliable.
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ID Frequency U Amplitude B Amplitude V Amplitude S/N
[c/d] [mmag] [mmag] [mmag]
f1 23.7651 11.1 11.56 9.99 14.5
f2 19.8906 7.61 7.58 5.34 10.16
f3 20.869 - 4.26 2.75 4.64
f4 18.4495 - - 1.84 5.14
Tab. 15.2: Detected frequencies for SBL0455. Only amplitudes for significant frequencies in the
corresponding filter are listed.
15.1.2 SBL0455
The star SBL0455 has been suggested as a   Scuti variable by BL95 who performed
a variability analysis and found two oscillations. ASK01 confirmed the variability
time scales and also its nature as   Scuti star. They also mention that this star
is positioned o↵ the main sequence and therefore - if it is a cluster member - is a
PMS star. However, no membership information is available from the main sources
used in this work and SBL98 do not classify it as a PMS star with their criteria.
Furthermore, the assumption by ASK01 has to be taken with caution since their
analysis is based on the position in a color-magnitude diagram which comes along
with significant systematic errors for NGC 6231 due to di↵erential reddening.
The variability analysis resulted in four significant frequencies. All of them except
f4 match with the frequencies determined by either BL95 or ASK01, when aliasing is
taken into account. They are listed in Tab. 15.2, where only amplitudes of significant
frequencies in the corresponding filters are given. The second frequency detected by
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Fig. 15.2: Amplitude spectra and light curves with superimposed fit are shown confirming the
origin of the variability due to pulsations of the star SBL0455.
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BL95 at 25.13 c/d is also visible in the residual amplitude spectrum but does not
exceed the SNR threshold. All frequencies and amplitudes were determined using
an unadjusted data set since zero point o↵sets were negligible and did not a↵ect the
more rapid   Scuti variability.
Stro¨mgren photometry of BL95 can be used to determine the color excess, e↵ec-
tive temperature and luminosity. The color excess is very similar to other cluster
members (Eb y ⇡ 0.3 mag) which supports the idea of it being a cluster member.
The stellar parameters also position it in the   Scuti instability strip away from the
ZAMS, but within the errors SBL0455 could also be very close to the ZAMS. GS79
classify it as spectral type A5 III which in turn would mean that it already has
evolved o↵ the ZAMS and is therefore unlikely a member in such a young stellar
aggregate as NGC 6231. However, since PMS stars also exhibit larger luminosities
compared to their main-sequence counterparts it is possible that the spectral type
given by GS79 is a misinterpretation.
The   Scuti nature of SBL0455 could clearly be confirmed in this analysis.
Whether this star is a pre main sequence object and/or a cluster member still has
to be verified.
15.1.3 SBL0306
SBL0306 was identified as a   Scuti variable by ASK01. Since it is already a very
faint object, the analysis here will be limited to frequency determination only. No
membership information is available, but Stro¨mgren photometry suggests a slightly
smaller color excess (Eb y = 0.26 mag) and distance modulus than the average
cluster members. Therefore it might be a foreground star even considering di↵erential
reddening.
ASK01 find three oscillations, two of which are readily visible in the new data.
ID Frequency U Amplitude B Amplitude V Amplitude S/N
[c/d] [mmag] [mmag] [mmag]
f1 23.7713 - - 8.9 10.97
f2 9.4853 - - 4.9 5.69
f3 20.3195 - - 4.6 5.19
f4 9.7797 - - 5.3 6.62
f5 10.5421 - - 3.3 4.36
Tab. 15.3: Detected frequencies for SBL0306. Only values for V data are listed since it is barely
visible in the other bands. The errors range from  f1 = 0.0005 c/d to  f5 = 0.0013 c/d for the
frequencies and for the amplitudes amount  V = 0.5 mmag.
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Interestingly, the strongest signal they found at 15.6 c/d is barely seen in the am-
plitude spectra of the new data and cannot be distinguished from noise. Three
additional frequencies are found for this star which were not detected before. Due
to strong aliasing no unambiguous determination of the exact variability time scales
could be performed, the frequencies determined resemble the aliases which minimize
the residuals. They are listed in Tab. 15.3 with values only for V since this star is too
faint to be measured reliably in the other bands. Interestingly one finds f3 = f4+ f5
which in light of the small amplitudes and S/N seems to be incidental.
15.1.4 SBL0705
The only publication which included this star so far (apart from survey catalogs) is
SBL98 who measured magnitudes in several bands. No spectral type or membership
information is available.
The light curve of SBL0705 clearly shows its long term variability with peak-to-
peak amplitudes of at least 0.6 mag. The period of this variability however cannot
be determined due to missing data. Looking at the complete data set in Fig. 15.3
it seems that the period exceeds the duration of the run. Superimposed on the long
term variation is variability in the range between 0.5 and 2 c/d. The photometric
measurements of SBL98 (V = 14.426 mag, B   V = 0.627 mag, U  B = 0.54 mag)
place this star near the   Scuti Variables in NGC 6231. However, it is possible that
this star is a background object which could significantly change the values for the
color indices.
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Fig. 15.4: Selected data for SBL0444. Two nights and two amplitude spectra are displayed which
were calculated using adjusted data.
15.2 Non-members
Since also pulsating stars were found which are not members of NGC 6231 also these
stars were subject of a variability analysis, but are discussed only briefly. Unfortu-
nately, a pulsating foreground   Scuti star featuring one of the best light curves in
the entire set belongs to this group.
15.2.1 SBL0444
This star has not been determined to be variable so far. No information can be
found on spectral type, but BVF99 do not find it to be a member of NGC 6231.
Furthermore, no Stro¨mgren photometry is available.
The frequency analysis resulted in four significant oscillations, all in the range
of typical   Scuti time scales. The analysis was done only with V data which were
ID Frequency U Amplitude B Amplitude V Amplitude S/N
[c/d] [mmag] [mmag] [mmag]
f1 15.0539 - - 2.3 7.8
f2 20.8483 - - 1.9 8.89
f3 17.9737 - - 1.4 5.95
f4 23.0557 - - 1.3 5.73
Tab. 15.4: Determined frequencies for SBL0444. All values have been obtained using an adjusted
data set so that the mean values in magnitude of each night were aligned. Additional frequencies
are likely present but not detected. Errors range from  f1 = 0.0007 c/d to  f4 = 0.0012 c/d for the
frequencies and for the amplitudes amount  V = 0.2 mmag.
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adjusted on a daily basis. Additional oscillations are likely present at the mmag level,
for instance around 13 c/d but are not detected with the adopted SNR threshold.
Tab. 15.4 lists all four frequencies and amplitudes, Fig. 15.4 shows selected data
including the light curves and the calculated multiperiodic fit for two nights and
amplitude spectra.
Since no Stro¨mgren photometry is available, this star is classified as   Scuti
variable on the basis of a comparison with photometric data of other pulsators and
the time scales of the variability. In the CMD and two-color diagram SBL0444 is not
far displaced from other   Scutis in NGC 6231 suggesting that it might be a cluster
member in spite of the classification by BVF99. For a clearer picture further data
are required.
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15.2.2 SBL0612
SBL0612 has been classified as   Scuti variable by BL95 who also suspected this
star to be a non-member of NGC6231 and list it as foreground star on the basis of
color excesses. BVF99 confirm the non-membership photometrically as well. The
calibration of e↵ective temperature and luminosity with measurements from PHC91
also yields a significantly lower color excess (Eb y = 0.19 mag) and positions this
star in the   Scuti instability strip.
BL95 found only one dominant oscillation with a period of about 2.15 h. The
analysis with the new data resulted in four significant frequencies, where the strongest
is a perfect match with the value of BL95. Tab. 15.5 lists the significant frequencies
and their amplitudes in the three bands. The shape of the residual amplitude spec-
trum suggests that there are very likely other oscillations present with amplitudes in
the mmag range. Non of the peaks however are significant.
Fig. 15.5 shows the amplitude spectra and some data for this object. Since this
star is not a member of NGC 6231 it will not be discussed any further.
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Fig. 15.5: Exemplary data for SBL0612, the foreground   Scuti star. The amplitude spectra, light
curves and the HRD are displayed as a representation of the time scales of the variability and the
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ID Frequency U Amplitude B Amplitude V Amplitude S/N
[c/d] [mmag] [mmag] [mmag]
f1 11.1654 16.15 15.19 11.51 34.41
f2 10.7018 2.91 3.34 2.39 8.09
f3 10.4427 2.52 1.91 1.58 5.45
f4 9.2525 - - 1.61 5.69
Tab. 15.5: Significant frequencies for SBL0612. Only amplitudes of significant frequencies in the
particular filter are listed. Additional frequencies are very likely present with amplitudes up to
1 mmag but are not detected here. The errors of the frequencies range from  f1 = 0.0001 c/d to
 f4 = 0.0008 c/d and of the amplitudes from  B,V = 0.2 mmag to  U = 0.3 mmag.
15.3 Pre Main Sequence Stars
15.3.1 SBL0417
SBL0417 has been identified as a PMS star by SBL98. ASK01 find this star to be
variable with only one present frequency and even speculate that it might be a PMS
  Dor pulsator. They also note that the variability might be irregular due to its
PMS nature.
Even though this target is very interesting but actually is too faint to make any
reliable determinations with the data described here, it was nevertheless decided to
take a closer look at SBL0417. The scatter in the light curve is completely dominated
by poor photon counts giving no significant frequency in the amplitude spectrum as
suspected. However, the largest peak in the spectrum is exactly at the position where
ASK01 found variability: at 1.1 c/d. The amplitude spectrum is shown in Fig. 15.6
but nothing more than confirming the findings of ASK01 can be done within the
limits of the data.
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Fig. 15.6: Amplitude spectrum of the possible PMS pulsator SBL0417. No frequency is significant
but nevertheless the largest peak is found at the position where ASK01 detected variability.
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Fig. 15.7: Observed eclipses of the binary 097-240594. The red filled circles show data in V ,
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di↵erential magnitude outside the eclipses match. The shape suggests an Algol type binary.
15.4 Eclipsing Binaries
There are some eclipsing binaries already known in the cluster like the bright O-
star SBL0505 which is too contaminated to allow an unbiased discussion. Only two
eclipsing binaries (one previously unknown) in the entire field have a representative
light curve in the set and therefore only those are discussed shortly.
15.4.1 097-240594
This star has not been included in any of the above mentioned previous observations
of NGC 6231 since it is situated far away from the core of the cluster with a distance
of about 130. The designation given in the section heading is taken from the UCAC3
catalog. The light curves in B (blue) and V (red) of this star are shown in Fig. 15.7
and clearly reveal its nature as an eclipsing binary. Two primary eclipses and one
secondary eclipse have been observed, but unfortunately are each about a month
apart so that its period cannot be determined unambiguously.
The shape of the light curves point towards an Algol type binary with a flat light
maximum. A possible hot spot feature is visible just before the secondary minimum
where the light curves show a slight but still well visible rise towards the eclipse. Also
clearly visible is the di↵erent color (i.e.: surface temperature) of both components
since the primary minimum is deeper in B compared to V and vice versa in the
secondary minimum.
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Fig. 15.8: The already known eclipsing binary SBL0574 with only one observed minimum. The
light curves are shifted to match in apparent brightness outside the minimum. B (blue) is then
displaced by additional 0.1 mag, U (violet) by 0.2 mag. Red are data in V .
15.4.2 SBL0574
This star already has been classified as binary by Sterken and Bouzid (2004). BVF99
do not find this star to be a member of NGC 6231. Only one minimum is observed
which is shown in Fig. 15.8 and outside this feature no variability is visible in all
nights.
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Part V
Conclusions
The subject of this thesis was to investigate pulsating and variable stars in the young
open star cluster NGC 6231 with data obtained at the Siding Spring Observatory in
Australia covering about 90 hours of data distributed over 2 months in the Johnson
UBV bands. The observations were optimized for the bright   Cephei variables in the
cluster but feature a large dynamic range so that also much fainter   Scuti pulsators
could detected. This multi-band data set allowed to compare the amplitudes of the
oscillations found in pulsating stars and to compare these with theoretical predictions
to ultimately identify the underlying pulsation mode of the variation.
As part of the data reduction procedure a semi-automatic procedure has been
developed to extract light curves. This approach makes use of only existing IRAF and
DAOPHOT tasks and uses a special di↵erential photometry algorithm to minimize
the scatter in the light curves. The resulting data set featured 473 light curves of
stars in the field of NGC 6231 of which 31 showed signs of variability. 22 of these
are confirmed members of the stellar aggregate.
To identify the spherical degree of the pulsations knowledge about fundamental
stellar parameters must be present. Stro¨mgren photometry performed by various
previous studies has been adopted to calibrate e↵ective temperature, luminosity,
and surface gravity of the stars.
Previous studies identified six confirmed   Cephei variables (SBL0226, SBL0268,
SBL0303, SBL0486, SBL0653, SBL0712) and five more candidates (SBL0113, SBL0353,
SBL0437, SBL0456, SBL0515) for this class. The already known pulsators could be
confirmed with the new data and for three of them (SBL0226, SBL0303, SBL0653)
constraints for the spherical degree l could be given. Unfortunately the candidates
must remain suspected pulsators since their amplitudes are altogether found to be
below the single data point error for these stars making an unambiguous amplitude
determination in all three photometric passbands very di cult. As a consequence
only suggestions on the time scales of the variability could be given without confirm-
ing the origin of their variability as pulsations.
ASK01 identified three SPB candidates in NGC 6231 (SBL0275, SBL0394, SBL0461)
whose nature could be confirmed in this thesis. In addition, seven new pulsators of
this class were found (SBL0164, SBL0210, SBL0283, SBL0317, SBL0480, SBL0482,
SBL0528). Many of these stars feature much larger amplitudes compared to   Cephei
variables making a determination of the spherical degree of the pulsation mode pos-
sible. In addition one new   Scuti star has been detected (SBL0752).
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For some variable stars the membership status still requires clarification. Among
these are SBL0464, a newly discovered possible SPB variable, SBL0455, which is
an already known   Scuti star, SBL0306, a   Scuti variable, and SBL0752, a newly
discovered long term variable.
Owing to the large field-of-view, variable stars being not a member of NGC 6231
have been investigated as well. These are SBL0444 and SBL0612, both   Scuti
variables. Further results include two eclipsing binaries: SBL0574 and 097-240594
where the latter has not been identified so far and features a text-book light curve
of an Algol binary.
Figure 15.1 shows a color-magnitude, a color-color and theoretical Hertzsprung-
Russel diagram including all   Cephei and SPB variables and selected   Scuti stars.
The UBV photometry was adopted from SBL98 and does not include extinction
corrections. The HR diagram shows all stars for which Stro¨mgren photometry was
used to calculate stellar parameters.
Previous studies of NGC 6231 have established firm observational data includ-
ing photometric and spectroscopic investigations pioneering the understanding of
pulsating stars. This study is a fundamental step in the thorough investigation of
variable stars in the young stellar aggregate and provides a detailed overview of the
large number of pulsating and variable stars in NGC 6231. Furthermore this thesis
proves that NGC 6231 is very rich in all kinds of pulsators across the entire main
sequence. In particular, the investigation shows that also long-term variables of SPB
type stars are present and demonstrates that the cluster marks a unique possibility
to study a vast range of pulsating stars originating from the same initial conditions.
In order to extend our knowledge and understanding of these stars in NGC 6231 it is
necessary to continue its observational study. A requirement for the improvement of
the results will be a very thorough preparation of the observations which optimally
feature a multi-site campaign and very stable instrumentation to exclude systematic
drifts which can corrupt long-term variability.
Considering the treasures NGC 6231 holds for asteroseismology, such an under-
taking can only be a matter of time.
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Part VI
Appendix
The Appendix provides additional information on the observing program, employed
software and the results of this thesis. Tab. A-1 lists all abbreviations used in this
thesis for reference papers which were used multiple times throughout this work. Also
a short description is given on the content and extracted information is listed. Tab.
A-2 contains the cross identification for the numbering schemes given by SBL98,
BVF99, BL95, Se68 and the UCAC3 catalog respectively. Furthermore also the
coordinates and the suggested type of pulsator is mentioned if applicable. Tab. A-3
lists the individual nights where observations took place with information on their
length and number of obtained images. Tab. A-4 lists the photometric parameters as
well as the results of the calibration of the Stro¨mgren photometry for all confirmed
and candidate   Cephei stars. Tab. A-5 has the same structure as Tab. A-4, but
lists values for all SPB type variables. The last part of the Appendix includes a few
IRAF scripts which were required to automate the data reduction for the time series
data and to link the various reduction steps.
A.1 Reference Abbreviations
Abbreviation Reference Topic
Ba83 Balona (1983)   Cephei variability studies
BE85 Balona and Engelbrecht (1985) Stro¨mgren phtometry
BL95 Balona and Laney (1995) Variability of early B-stars
BS83 Balona and Shobbrook (1983)   Cephei variability studies
BVF99 Baume et al. (1999) UBV I photometry
GM01 Garc´ıa and Mermilliod (2001) High mass binary studies
LM83 Levato and Morrell (1983) Binary studies
PHC91 Perry et al. (1991) Compilation (photometry, etc.)
PHY90 Perry et al. (1990) Part of PHC91 series
Ra96 Raboud (1996) Membership & Binaries
RCB97 Raboud et al. (1997) Geneva photometry
RM98 Raboud and Mermilliod (1998) Mass segregation
Se68 Seggewiss (1968) Photometric Catalog
SBL98 Sung et al. (1998) UBVRI H↵ photometry
SG05 McSwain and Gies (2005) Photometric survey of Be stars
Tab. A-1: List of used reference abbreviations throughout the thesis and a short comment on
their information content in alphabetical order.
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A.2 Cross-references and basic data for variable stars
Cross Identification for all variable Stars
SBL98 BVF99 BL95 Se68 UCAC3 RA [ ] Dec [ ] Type
113 176 28 097-238816 253.41279 -41.79667   Cephei?
164 154 33 097-238918 253.44577 -41.81526 SPB
210 153 281 097-239017 253.46691 -41.81502 SPB
226 20 31 253 097-239064 253.47715 -41.87082   Cephei
268 26 158 282 097-239145 253.49418 -41.81161   Cephei
275 19 249 097-239158 253.49714 -41.88445 SPB
283 106 21 097-239173 253.49989 -41.77398 SPB
303 37 67 261 097-239216 253.50734 -41.85330   Cephei
306 14 247 097-239222 253.50777 -41.88995   Scuti
353 21 137 289 097-239323 253.52894 -41.82315   Cephei?
317 41 36 259 097-239258 253.51344 -41.86359 SPB
394 39 209 097-239403 253.54468 -41.79649 SPB
417 279 097-239450 253.55389 -41.87469 PMS   Scuti?
437 38 80 097-239486 253.55935 -41.91703   Cephei?
444 113 200 097-239499 253.56187 -41.78287   Scuti?
455 178 41 237 097-239520 253.56558 -41.86107   Scuti
456 36 127 097-239519 253.56553 -41.82562   Cephei?
461 40 89 294 097-239532 253.56791 -41.84072 SPB
464 56 189 097-239539 253.57000 -41.75232 SPB
480 44 213 097-239568 253.57472 -41.80036 SPB?
482 148 93 225 097-239573 253.57555 -41.83790 SPB
486 22 45 238 097-239578 253.57632 -41.85990   Cephei
515 49 129 097-239633 253.58588 -41.82462   Cephei?
528 66 115 223 097-239654 253.59038 -41.83178 SPB
574 101 43 230 097-239760 253.60877 -41.85865 EB
612 30 3 102 097-239858 253.63007 -41.92461   Scuti
653 28 11 110 097-239952 253.65021 -41.89392   Cephei
705 167 097-240058 253.67652 -41.78791 unknown
712 23 124 150 097-240079 253.67986 -41.82652   Cephei
752 126 097-240182 253.70312 -41.87520   Scuti
097-240594 253.82536 -41.77338 EB
Tab. A-2: IDs for the variable stars mentioned in this work. In addition to the sources mentioned
in the text also the UCA3 designation is given which was the source for the coordinates as well.
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A.6 Photometry Scripts
#### ApPhot . c l
#### This s c r i p t automat i ca l l y performs aper ture photometry f o r a given s e t o f ape r tu re s and
#### frames and formats the output accord ing to the requi rements o f the subsequent
#### reduct ion s t ep s . I t i s c a l l e d i n s i d e the CL language o f IRAF
daophot
s t r i n g ⇤ l i s t 1
i n t r ad in i t , radstep , radend
r ad i n i t = 8
radstep = 2
radend = 30
f o r ( j = r ad i n i t ; j <= radend ; j += radstep ) {
mkdir (”Rad .”// j )
}
l i s t 1=”Sc i ence . l i s ”
whi le ( f s can ( l i s t 1 , s 1) !=EOF)
{
f o r ( j = r ad i n i t ; j <= radend ; j += radstep ) {
photpars . ape r tu re s=j
unlearn phot
phot ( s 1 ,” coo .V. f i n a l ” , s 1//” . rad .”// j //” .mag .1” , ” phot . v e r i f y=no”)
move(”⇤ rad .”// j //”⇤” ,”Rad .”// j )
} ;}
#### Alldump . c l
#### Dumps photometry output provided by DAOPHOT into tab separated t e x t f i l e s
s t r i n g ⇤ l i s t 1
l i s t 1=’mag . l i s ’
i = 1
whi le ( f s can ( l i s t 1 , s 1) !=EOF) {
s 2 = ’ Image ’// i
txdump ( s 1 , ’ ID ,mag , merr , otime , xc , yc , xairmass , msky , stdev , rapert ’ , yes , >> s 2)
i += 1
}
;
#### PSFapcor . c l
#### Appl ies the p r ev i ou s l y obtained f l ux c o r r e c t i o n to the pure PSF photometry
#### The input format r equ i r ed i s provided by the prev ious data c a l c u l a t i o n s
#### Watch out ! Flux . l i s and Number . l i s can not have add i t i ona l blank l i n e s !
s t r i n g ⇤F l ux l i s
s t r i n g ⇤ Image l i s
s t r i n g ⇤Data l i s
s t r i n g ⇤Numberlis
s t r i n g ⇤cleanMRGlis
F l u x l i s=”Flux . l i s ”
Image l i s=”Image . l i s ”
t ab l e s
t t o o l s
unlearn tmerge
unlearn t p r o j e c t
unlearn t c a l c
! cat Flux . l i s | sed ’ s /Flux//g ’ > Number . l i s
Numberlis=”Number . l i s ”
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tmerge (” Image . l i s , Flux . l i s ” ,”Data 1 . l i s ” ,”merge ”)
tmerge (”Data 1 . l i s , Number . l i s ” ,”Data . l i s ” ,”merge ”)
Data l i s=”Data . l i s ”
whi le ( f s can ( Data l i s , s 1 , s 2 , s 3) !=EOF) {
tmerge ( s 1//” ,”// s 2 ,”MRG”// s 3 ,”merge ”)
t c a l c (”MRG”// s 3 ,”” ,”25 2.5⇤ l og 10( (10⇤⇤ ( ( c2 25 2.5⇤ l og 10( c 11))/ 2.5))+ c 10)+2.5⇤ l og 10( c 11)” , datatype=”double ”)
}
! f o r i in MRG⇤ ; do sed ”/ c/d” $ i > c$ i ; done
l s cMRG⇤ > cleanMRG1 . l i s
tmerge (”cleanMRG1 . l i s , Number . l i s ” ,”cleanMRG . l i s ” ,”merge ”)
cleanMRGlis=”cleanMRG . l i s ”
whi le ( f s can ( cleanMRGlis , s 1 , s 2) !=EOF) {
t p r o j e c t ( s 1 ,” pFinal ”// s 2 ,” c 1 , c 12 , c 3 , c 4 , c 5 , c 6 , c 7 , c 8 , c 9”)
}
! f o r i in pFinal ⇤ ; do sed  e ” s /INDEF/1000/g” $ i > c$ i ; done
#!/ b in / bash
#### Cleans photometry ou tpu t
l s Image⇤ > xImage . l i s
cat xImage . l i s | sed  e ” s /Image//” > Image . l i s
rm xImage . l i s
#!/ b in / bash
#### Rep laces a l l INDEF va l u e s p ro v i d ed by IRAF/DAOPHOT wi th u n r e a l i s t i c numbers
i=1
while [ $ i   l e 1000 ]
do
cat Image$i | sed  e ” s /INDEF/1000/g” Image$i > i Image$ i
rm Image$i
mv i Image$ i Image$i
i=$ ( ( $ i + 1 ) )
done
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Zusammenfassung
NGC 6231 ist ein junger o↵ener Sternhaufen im Sternbild Skorpion in der su¨dlichen
Hemispha¨re. Vor allem seine sehr heiße Sternpopulation mit ungewo¨hnlich vielen
O-Sternen verleihen dem Haufen sein unverkennbares Aussehen.
Diese Arbeit befasst sich mit den vera¨nderlichen und im speziellen mit pulsieren-
den Sternen in NGC 6231, also Sternen die u¨ber typische Zeitra¨ume ihre Form und
auch physikalischen Eigenschaften, wie zum Beispiel deren Temperatur a¨ndern. Ob-
wohl sich schon einige Studien in den letzten 30 Jahren mit diesem Thema bescha¨ftigt
haben, fehlt immer noch ein vollsta¨ndiges Bild von Pulsatoren in dem Haufen. Im
Zuge dieser neuen Untersuchung wurde ein großer Datensatz, der am Siding Spring
Observatory in Australien aufgenommen wurde, untersucht. Die Aufnahmen wurden
im speziellen fu¨r heiße Pulsatoren des   Cephei Typs optimiert, aber aufgrund des
großen Dynamikbreichs von modernen CCD Kameras war es auch mo¨glich wesentlich
leuchtschwa¨chere Sterne zu erforschen. Die Eigenschaften des Datensatzes erlaubten
auch eine Bestimmung des, oder Einschra¨nkung auf eine bestimmte Pulsationsmode
die beno¨tigt werden um in folgenden Arbeiten Ru¨ckschlu¨sse auf den Aufbau und die
Entwicklung von Sternen zu ziehen.
Der Rohdatensatz bestand aus etwa 2800 Bildern ausschließlich den Kalibra-
tionsaufnahmen was bei der gegebenen Pixelzahl auf dem Chip etwas mehr als 40
GB an Daten entsprach. Um die gesuchten Informationen (Frequenzen und Ampli-
tuden der Pulsationen) aus den Aufnahmen zu extrahieren wurde eine speziell en-
twickelte Technik angewandt die eine Zusammenfu¨hrung von Apertur-Photometrie
und Point-Spread-Function -Photometrie darstellt. Dies ermo¨glichte die Erstellung
von Lichtkurven fu¨r 473 Sterne im Feld von NGC 6231.
Die Frequenzanalyse der Lichtkurven resultierte in 31 Sternen die Vera¨nderungen
in ihrer Helligkeit zeigten. 22 von diesen sind besta¨tigte Haufenmitglieder. Von den
bereits bekannten   Cephei Sternen konnten alle besta¨tigt werden, leider aber sind
die Amplituden der   Cephei Kandidaten so klein, dass die Eigenschaften des Daten-
satzes es nicht erlauben vorhergehende Studien zu verbessern. Von den drei bisher
vermuteten SPB Sternen im Haufen wurden alle besta¨tigt. Hinzu kommen sieben
neu entdeckte Sterne dieses Typs. Neben den bereits bekannten   Scuti Sternen
wurde ein weiterer klassifiziert und untersucht. Des weiteren konnten auch Sterne
außerhalb des Haufens untersucht werden, wie etwa ein neu entdeckter Doppelstern.
Um das Versta¨ndnis von Pulsatoren in NGC6231 weiter auszubauen mu¨ssen
zuku¨nftige Untersuchung sorgfa¨ltig geplant werden. Dies liegt vor allem an den
kleinen Amplituden der Pulsationen die verlangen, dass ein sehr gutes Versta¨ndnis
der eingesetzten Instrumentation vorhanden ist.
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